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GENERAL INTRODUCTION 
The profits of soybean seed producers are maximized when 
high yields of high quality seed are grown. High temperature 
during the reproductive growth period of soybean can reduce 
yield and the quality of seed to be planted for the next 
season's grain crop. The highest temperatures of the growing 
season are generally encountered during the reproductive 
period of soybeans in the Midwest. Therefore, it is important 
to understand the effects that high temperatures have on 
soybean seed yield and quality. 
Chemical composition of soybean may also be altered by 
high temperature during reproductive growth. Studies have 
shown that changes in air temperature may alter the oil and 
protein content and fatty acid composition of the seed. 
Changes in composition can impact the utilization properties 
and value of soybeans sold as grain. 
Although studies have been conducted on the influence of 
changes in day temperature or concomitant changes in day/night 
temperature on soybean seed yield, quality, and composition. 
Little is known about the influence of night temperature on 
these seed parameters. Therefore, a research project was 
conducted with the following objectives: 
1) To determine the effect of different combinations of 
2 
day and night temperature during reproductive growth on 
soybean seed yield and yield components. 
2) To determine the effect of different combinations of 
day and night temperature during reproductive growth on 
soybean seed viability and vigor. 
3) To determine the effect of different combinations of 
day and night temperature on soybean seed oil, protein, 
and fatty acid composition. 
To meet these objectives a growth chamber experiment was 
performed. Day/night growth temperatures of 30/20, 30/30, 
35/20, and 35/30 °C were imposed during flowering and pod set, 
seed fill and maturation, and continually during both of these 
growth stages. A day temperature of 30 °C was selected as a 
near optimum temperature for soybean growth and 35 °C was 
selected as a stressful day temperature. Night temperatures 
of 20 and 30 °C were selected as moderate and high night 
temperature, respectively. The three reproductive growth 
stages were selected to determine the effects of the timing 
and duration of high temperature. Seeds were hand harvested 
at maturity and measurements were taken on seed yield, 
viability and vigor, and oil, protein, and fatty acid 
composition. 
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Explanation of Thesis Format 
The three main sections of this thesis are written as 
papers to be submitted to professional journals in the crop 
science discipline. The papers are preceded by a review of 
literature. A general summary and discussion of the thesis 
follows the papers and the references cited in the literature 
review follow the general summary and discussion. An 
explanation of the experimental design is contained in 
appendix A. Appendix B contains additional data that was 
gathered but not presented in the papers. Appendix C contains 
the Analysis of Variance Tables used to determine the effects 
of treatments used in this study. The graduate student 
performed all of the research and was the main author for each 
of the papers in the thesis. 
4 
LITERATURE REVIEW 
Temperature Effects on Vegetative Growth and Development 
of Soybeans 
Plant height, main stem nodes, and internode length 
Soybean [Glycine max (L.) Merr.] plant height generally 
increases with increasing temperature (Flint and Patterson, 
1983; Huxley et al., 1976; Sionit et al.,1987a; Thomas and 
Raper, 1977; Thomas and Raper, 1978; Warrington et al., 1977; 
van Schaik and Probst, 1957). Soybean plant height is the 
product of two plant characteristics: main stem node number 
and internode length. There are conflicting results in the 
literature as to which of these factors is influenced more by 
increasing temperature. Many studies reported an increase in 
the number of main stem nodes as growth temperature increased 
(Baker et al., 1989; Flint and Patterson, 1983; Huxley et al., 
1976; Sionit et al., 1987a; Thomas and Raper, 1977). Huxley 
and coworkers (1976) observed that plant height was determined 
more by main stem node number than internode length. However, 
Thomas and Raper (1978) observed little effect of temperature 
on main stem node number and concluded that differences 
obtained in main stem length were due more to internode 
elongation than to number of main stem nodes produced. 
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Furthermore, van Schaik and Probst (1957) observed that the 
number of main stem nodes was affected very little by variable 
day and night temperatures. Some studies have shown an 
increase in main stem node number as temperature increased to 
a critical maximum after which node number remains constant. 
Thomas and Raper (1983) observed that lower temperatures of 
18/14 and 22/18 °C restricted main stem node formation. The 
maximum number of nodes was attained at 26/22 °C and remained 
unchanged at 30/26 and 34/30 °C. Hofstra (1972) found that 
the rate of main stem node formation in soybeans increased 
with daytime air temperatures up to 27 °C, but main stem node 
number was similar at temperatures at or above 27 °C after the 
first four weeks of development. He also observed a greater 
degree of stem elongation with increasing temperatures up to 
36 °C. 
Night temperature can influence soybean plant height. 
Thomas and Raper (1978) found that warmer night temperatures 
increased plant height, but not as much as was observed with 
increased day temperature, van Schaik and Probst (1957) 
observed fewer nodes produced at low night temperatures than 
at high night temperatures in determinate and indeterminate 
varieties. Seddigh and Jolliff (1984c) observed an increased 
rate of development of plant height and formation of main stem 
nodes at higher night temperatures in indeterminate soybeans. 
However, the development of plant height and main stem nodes 
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terminated earlier for plants receiving higher night 
temperatures. This resulted in insignificant differences in 
plant height and main stem node at maturity. In contrast, 
Huxley et al. (1976) observed that high night temperature (24 
°C) decreased the final plant height compared with lower night 
temperature (19 °C) in the determinate cv. 'TK5'. Main stem 
node number was highest in 27/19 and 33/19 °C and lower in 
27/24 and 33/24 °C treatments. Warrington and coworkers 
(1977) found that soybean height and main stem node number 
were higher under a constant day-night regime of 23/23 than 
under 26/20 and 29/17 °C 22 days after planting. 
Branch number and length 
Soybean branching increases with an increase in 
temperature up to a critical maximum after which branching is 
suppressed (Lawn & Hume, 1985; Sionit et al., 1987a; Thomas & 
Raper, 1983). Sionit and coworkers (1987) measured 3.0, 6.3, 
and 5.3 branches plant-1 in soybeans grown in 18/12, 22/16, and 
26/20 °C day/night temperatures after 40 days of growth in a 
near ambient C02 environment. Lawn and Hume (1985) concluded 
that the formation of new branch nodes was a linear function 
of mean daily temperature. They observed that warmer day 
temperatures compensated for low night temperature. Formation 
of new branch nodes was higher in 30/12 C than 20/20 °C, 15 
7 
days after the appearance of the first flower in 12 soybean 
lines. When measured 21 days after the expansion of the first 
trifoliate leaf, Thomas and Raper (1983) observed an increase 
in the number of branches as the day/night temperatures were 
increased from 18/14 to 22/18 to 26/22 °C. The number of 
branches decreased as the temperature was raised from 26/22 to 
30/26 and 34/30 °C. The position on the plant from which at 
least half of the total axillary branch length developed 
became progressively lower on the main stem with each lower 
temperature regime (30/26, 26/22, 22/18, and 18/14 °C) (Thomas 
and Raper, 1977). 
Thomas and Raper (1977) observed that combinations of 
cool days and cool nights or warm days and warm nights 
restricted branching. Whereas, combinations of cool days and 
warm nights or warm days and cool nights stimulated 
development of branches. They also found that the number of 
nodes on branches increased with either night temperatures of 
18 °C and above, or day temperatures of 22 °C and above. At 
30 °C day temperature, however, node number progressively 
decreased with each night temperature increment. 
Branch number was positively correlated with plant height 
(Huxley et al., 1976). They also noted that branch number was 
reduced by 18% at 24 °C as compared with 19 °C night 
temperature. Thomas and Raper (1978) found that at day 
temperatures of 14 and 18 °C, night temperatures of 22 and 26 
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°C tended to increase total branch length, while at day 
temperatures of 22, 26, and 30 °C, night temperatures of 22 
and 26 °C decreased branch length. Seddigh and Jolliff 
(1984c) observed more branches late in the growing season when 
soybeans were grown under warm nights of 24 and 16 °C compared 
with 10 °C in an indeterminate variety. However, the 
development and growth of branches ceased earlier in the 
warmer night temperatures. This resulted in insignificant 
differences in branch number at maturity. 
Day temperatures of 22 °C and above had the most 
pronounced effect on the elongation of branches irrespective 
of night temperature (Thomas and Raper, 1978). Day 
temperatures below 22 °C significantly reduced elongation of 
internodes. Average branch internode lengths were 3, 4, 6, 8, 
and 10 cm. at day temperatures of 14, 18, 22, 26, and 30 °C, 
respectively. Branch number among treatments was fairly 
consistent, and ranged from six to nine per plant. They 
concluded that differences in total branch length per plant 
among temperature treatments was a result of growth per branch 
rather than the result of more branches produced per plant. 
Leaf number and area 
The rate of leaf formation generally increases with 
increasing temperature (Baker et al., 1989; Hofstra, 1972; 
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Sionit et al., 1987a). Hofstra (1972) observed that the rate 
of leaf appearance increased with temperature up to 27 °C, but 
was similar at temperatures above 27 °C. Leaves reached their 
maximum size earlier at high temperatures than at low 
temperatures (Sionit et al., 1987a). 
An increase in final leaf number with increasing 
temperature has also been reported (Baker et al., 1989; Sionit 
et al., 1987a). Flint and Patterson (1983) found that the 
number of main stem leaves increased with increasing 
temperature from 26/17 to 29/20 to 32/23 °C. Thomas and Raper 
(1983) found that the most leaves were produced at 22/18 and 
26/22 °C compared with 18/14, 30/26, and 34/30 °C day/night 
temperatures, when measured 21 days after the expansion of the 
first trifoliate leaf. In 1978, Thomas and Raper observed more 
leaves under either cool day and warm night or warm day and 
cool night combinations than under warm night and warm day or 
cool day and cool night combinations when measured 50 days 
after expansion of the first trifoliate leaf. In contrast, 
Warrington et al (1977) found that soybeans grown under 
constant 23/23 °C temperature had significantly more leaves 
than plants grown in fluctuating temperature regimes of 26/20 
and 29/17 °C, 22 days after planting. 
Higher temperature increased leaf area in the early 
stages of leaf development of soybeans (Flint and Patterson, 
1983; Hofstra, 1972; Sionit et al., 1987a). But, Hofstra 
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(1972) observed a decrease in final leaf area from high 
temperature because leaf area development diminished in later 
stages of growth. In contrast, Baker and his coworkers (1989) 
found that final leaf area was lowest under cool temperatures 
(26/19 °C) when compared with 31/24 and 36/29 °C treatments. 
Warrington et al. (1977) observed that leaf area was similar 
in soybean plants grown in 23/23, 26/20, and 29/17 °C. In 12 
soybean lines tested, leaf area growth was higher with 30 than 
20 °C day temperature when temperature treatments were applied 
for the 15 days following first flower (Lawn and Hume, 1985). 
Thomas and Raper (1983) found that total leaf area was 
greatest at 26/22 °C, 21 days after expansion of the first 
trifoliate leaf. Temperatures of 30/26 and 34/30 °C had less 
total leaf area than 22/18 and was attributed to the 
production of less leaves in the 30/26 and 34/30 °C 
treatments. 
High night temperatures generally reduce leaf area. 
Thomas and Raper (1978) found that high night temperature of 
26 °C in any combination with 14, 18, and 22 °C day 
temperatures reduced leaf area. However, at 30 °C day 
temperature the 26 °C night temperature did not reduce leaf 
area. Soybeans grown at 30/30 °C had significantly greater 
leaf area than those grown at 30/20 °C (Hewitt et al., 1985). 
Seddigh and Jolliff (1984c) observed that final leaf area in 
an indeterminate variety of soybeans was similar for 10 and 16 
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°C nights, but was decreased in plants grown at 24 °C night 
temperature. Reduced area leaf-1 rather than number of leaves 
plant-1 was responsible for the reduction in final leaf area. 
The production of leaf area in the early stages of growth was 
enhanced by the high night temperature, but growth terminated 
earlier. 
Vegetative dry matter production 
Dry matter accumulation in soybean shoots at 50 days 
after V3 increased as day temperature increased to 26 °C and 
then decreased slightly between 26 and 30 °C (Thomas et al., 
1981). This pattern of increased dry matter production was 
evident as early as 20 days after treatments were initiated. 
Flint and Patterson (1983) observed an increase in total 
soybean plant dry weight at 14 and 34 days after planting with 
each increase in temperature above 26/17 up to 29/20 and 32/23 
°C. Thomas and Raper (1983) reported that the greatest total 
dry-matter accumulation 21 days after V2 was at 26/22 and 
22/18 °C. Total dry-matter accumulation was lower at 30/26 
and 34/30 and lowest at 18/14 °C. At early stages of soybean 
growth, Hofstra (1972) noted a peak accumulation of dry matter 
at air temperatures of 27 and 36 °C. At later stages of 
growth the rate of dry matter accumulation became less 
temperature-dependent. Huxley et al. (1976) found that an 
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rease in day temperature from 27 to 33 °C decreased total 
weight at final harvest. Increasing day/night temperature 
m 18/12 to 22/16 to 26/20 °C increased dry weights of 
ves, stems, and roots during early and, especially, middle 
wth of soybeans (Sionit et al., 1987a). The growth of 
ves, stems, and roots terminated earlier in the higher 
perature regimes which resulted in few differences among 
atments at maturity. Thomas and Raper (1978) reported mean 
f dry weights of 6, 10, 12, 15, and 11 g for soybeans grown 
day temperatures of 14, 18, 20, 22, and 30 °C, 
pectively. Dry matter of vegetative parts generally 
reased at constant rates after the early stages of growth 
ixley et al., 1976; Thomas et al., 1981). 
Higher night temperatures enhanced early vegetative 
>wth and shoot dry matter accumulation of soybeans (Seddigh 
l Jolliff, 1984c). Maturity was delayed in a low night 
iperature of 10 °C, which resulted in similar final plant 
' weights between to 16 °C nights. Plants grown under 10 °C 
>duced 15% more dry weight than those grown under 24 °C. 
litt and coworkers (1985) found that plants grown under 
'30 °C produced more total dry matter than plants grown 
ier 30/20 °C. Huxley et al. (1976) observed that 
nperatures of 27/24 and 33/24 °C resulted in soybean plants 
:h greater total dry matter than those grown in 27/19 and 
/19 °C when weighed in the early growth stages. But, later 
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in plant development, 27/19 °C growth temperature produced 
more dry matter than 27/24, 33/24, and 33/19 °C because new 
plant material was mainly being converted into reproductive 
tissues in the earlier flowering, high temperature treatments. 
By final harvest, higher night temperatures decreased total 
plant dry matter. Lawn and Hume (1985) noticed significant 
day X night temperature interactions on total dry matter 
accumulation for 12 soybean lines. For all lines, mean dry 
matter accumulation increased with increasing night 
temperature that was applied during the 15 days following 
first flower appearance. Increases in plant dry matter 
production with a combination of high day temperature and low 
night temperature have been reported (Thomas and Raper, 1978; 
Warrington et al., 1977). Thomas and Raper (1978) reported 
that vegetative dry matter of soybeans averaged 22, 20, 20, 
18, and 10 g per plant at night temperatures of 10, 14, 18, 
22, and 26 °C, respectively, when grown in any combination of 
day temperature ranging from 14 to 30 °C. Vegetative dry 
matter per plant was always lowest in the 26 °C night 
temperature regardless of the day temperature. Total plant 
dry weights were greater in a high day, low night temperature 
of 29/17 °C than in a constant 23/23 °C temperature regime 
(Warrington et al., 1977). 
The amount of dry matter increased in stems and decreased 
in roots as air temperature was increased from 26/17 to 29/20 
14 
and 32/23 °C when measurements were made on soybeans 34 days 
after planting (Flint and Patterson, 1983). Hewitt et al. 
(1985) found that soybeans grown at 30/20 °C partitioned more 
of their dry matter into leaf and root tissues and less into 
stems and petioles than plants grown at 30/30 °C. Sionit et 
al. (1987a) observed a decrease in root weight at maturity as 
temperature increased to 26/20 °C. High temperature (26/20 
°C) increased the partitioning of dry matter to above ground 
parts resulting in a higher proportion of dry matter in leaves 
and stems compared with the roots as temperature increased. 
Hofstra (1972) found that the percentage of dry weight found 
in leaf blades remained constant across a temperature range of 
18/13 to 36/31 °C day/night temperature. 
C07 exchange rate 
The photosynthetic rate of soybean plants has shown 
differing response to temperature. Campbell et al. (1990) 
reported that canopy photosynthetic rates of soybean were 
unaffected by air temperature in the range of 26 to 36 °C. 
They noted that a 10 °C difference in air temperature resulted 
in only a 4 °C change in leaf temperature, due to evaporative 
cooling of the leaf. The concentration of RuBP decreased 36% 
as air temperature was increased from 26 to 36 °C, but rubisco 
activity was unaffected by the change in air temperature. 
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Jones et al. (1985) observed no effect of a temperature range 
of 28 to 35 °C on photosynthetic rate when night temperature 
was held at 23 °C. 
Thomas and Raper (1978) reported that net C02 exchange 
rates (NCER) in soybeans were generally lower at cool day 
temperatures than at warm day temperatures. The lowest NCER 
was obtained when plants were grown in 14/26 °C and the 
highest were found in plants grown at 26/14 and 26/18 °C. 
Jeffers and Shibles (1969) found that the optimum air 
temperature for C02 assimilation in soybeans was 25 - 30 °C. 
Caufield and Bunce (1988) grew four soybean cultivars from 
maturity group (MG) 00 and four cultivars from MG VIII at air 
temperatures of 18, 20, 25, and 30 °C; photosynthetic rates 
were measured in each treatment at 25 °C leaf temperature and 
saturating photon flux density. They found an increase in 
photosynthetic rate in plants of both maturity groups when 
temperature was raised from 18 to 20 °C. MG VII cultivars 
showed no difference in photosynthetic rate at 20, 25, and 30 
°C. Photosynthetic rates in MG 00 decreased as temperature 
was raised from 20 to 30 °C. A decrease in maximum net 
photosynthesis as temperature was increased from 20 to 30 °C 
has also been reported (Gourdon and Planchon, 1982) . 
Marowitch et al. (1986) created a simple source-sink 
system by pruning soybean plants initially grown at 20 °C. 
Upon pruning, the growth temperature of plants was either 
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increased or decreased. The optimum net photosynthetic rate 
was near the initial growth temperature of 20 °C for both 
cultivars. Raising the initial growth temperature to 30 °C 
did not raise the optimum temperature for photosynthesis which 
remained near 20 °C. Lowering the initial growth temperature 
to 12.5 °C lowered the optimum temperature for photosynthesis. 
In a field study, Sinclair (1980) observed relatively no 
change in C02 exchange rate (CER) of soybean leaflets due to 
changes in ambient air temperature or humidity, except when 
plants were exposed to cool night temperatures. He also 
observed a stable diurnal pattern of CER under the field 
conditions. When nights were cool during the end of the life 
cycle, a rapid decrease in CER was observed. In the absence 
of cool night temperatures during the end of the life cycle, 
there was a steady decline in CER over a period of 10 to 14 
days. Purcell et al. (1987) also found that photosynthetic 
rates and duration of photosynthesis were decreased when 
plants were exposed to a cool night (5 to 10 °C) during late 
reproductive development. When plants were exposed to a cool 
night at R6, plant photosynthetic capacity (PPC) dropped 
nearly 100% on the following day. Only 70 to 80% of the PPC 
was recovered during the following days. 
In one year of Sinclair's (1980) study, a cool night 
period early in the season caused a decrease in CER. In some 
cultivars this decline in CER was permanent, while other 
17 
cultivars recovered fully. Caulfield and Bunce (1988) 
reported that when eight soybean cultivars grown at 24 °C were 
exposed to a cool night (8 °C), all but one cultivar had a 
lower photosynthetic rate on the following day. Rates ranged 
from 71 to 88% of the rate maintained at 24 °C. After the 
cool night treatment, all plants were returned to 24 °C; 
within 28 hours, photosynthetic rates of all treated plants 
were the same as the plants maintained at 24 °C. Purcell et 
al. (1987) found nearly a 100% reduction in plant 
photosynthetic capacity in soybean plants exposed to a cool 
night (5 to 10 °C) at R2. More than 90% of the plant 
photosynthetic capacity was recovered by the plants after four 
days. Izhar and Wallace (1967) found reduced net C02 uptake 
in 2-week-old Phaseolus vulgaris L. plants exposed to 10 °C 
night temperatures. Plants exposed to 10 °C overnight 
exhibited reduced rates of net C02 uptake for the first part 
of the following day, with a gradual return to normal rates 
after about 6 hours. 
Carbon dioxide exchange rate was near zero and leaf 
senescence was complete when seed growth of soybean was 
complete (Egli and Wardlaw, 1980) . A decrease in CER earlier 
in the life cycle of plants grown at 33/28 °C compared with 
those grown at 24/19, 27/22, or 30/25 °C, showed that high 
temperature accelerated leaf senescence (Egli and Wardlaw, 
1980). 
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Night temperatures elevated over ambient increased CER of 
soybean plants during the pod formation and seed-filling 
period in a field study performed by Seddigh and Jolliff 
(1984b). They concluded that increased CER for plants grown 
in warmer nights was, at least in part, due to higher 
assimilate demand in plants grown at these higher temperatures 
(16 and 24 °C) compared with those grown at ambient night 
temperature (about 10 °C). 
Mixed results have been reported from the few studies 
conducted on the effect of temperature on soybean respiration. 
Sinclair (1980) found that leaf respiration rates were 
constant at night throughout the growing season. Da Costa et 
al. (1986) reported an increase in full crop soybean 
respiration rates with increasing night temperature. In 
general, low respiration rates were related to the occurrence 
of low air temperature and low soil water potential. 
Mullen and Roller (1988) observed that the rate of leaf 
respiratory CH20 loss in soybeans was greatest at the 
beginning of the night period. This rate of loss gradually 
decreased until 5 hours after the beginning of the dark 
period, and then increased slightly during the remainder of 
the dark period. They also found that assimilate export rate 
was not closely associated with respiratory CH20 loss. 
Kishitani and Shibles (1986) reported that respiratory losses 
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during early flowering averaged 36% of the carbon assimilated; 
thus 64% of net photosynthate was converted into dry matter. 
In summary, studies show that soybean plant height, main 
stem node number, and internode length increase with 
increasing temperature. Both, greater main stem node number 
and greater internode length, can contribute to plant height, 
and their importance in determining final plant height may 
differ with variety. The effect of night temperature on 
soybean plant height may also differ with variety. Soybean 
branching, branch node number, and branch internode length 
increase with an increase in temperature up to a critical 
maximum; after which, they are suppressed. The rate of leaf 
formation increases with temperature. Leaves reach their 
maximum size earlier at high temperature than at low 
temperature. An increase in final leaf number also occurs 
with increasing temperature. Higher day and night 
temperatures increase leaf area in early stages of leaf 
development, but leaf area development terminates earlier, so 
that high temperature may actually decrease final leaf area. 
Total plant dry matter increases with increasing temperature 
up to a critical maximum near 30 °C day temperature and then 
it declines. Dry matter response to night temperature shows a 
similar trend to day temperature with a critical maximum in 
the lower 20's °C. High temperature results in more dry 
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matter being partitioned to the shoots and less dry matter 
partitioned to the roots. 
Varying responses of photosynthesis to temperature in 
soybeans have been reported. Photosynthetic rates have been 
observed to increase, decrease, and remain unchanged as 
daytime temperature was increased from 20 to as high as 35 °C. 
Very cool night temperatures (below 10 °C) can cause a 
substantial decrease in photosynthetic rates on the following 
day. 
Temperature Effects on Reproductive Growth 
of Soybeans 
Flowering and pod set 
Time to first flower in soybeans is hastened by an 
increase in temperature (Baker et al., 1989; Board and Hall, 
1984; Huxley et al., 1976; Sionit et al., 1987a; Thomas and 
Raper, 1978; Thomas et al., 1981; van Schaik and Probst, 
1957). Brown (1960) found that soybeans grown in a controlled 
environment had a curvilinear rate of development from 
emergence to flowering in response to increasing temperature. 
This temperature response had a threshold temperature of 10 °C 
and an optimum of 30 °C. The rate of development to first 
flower for field grown soybeans showed a linear response for 
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the range of temperatures encountered (Brown and Chapman, 
1960). 
Two studies have indicated that the time between the 
appearance of the first flower and first pod is little 
affected by daytime temperature (Thomas et al., 1981; van 
Schaik and Probst, 1957). In contrast, Brown (1960) found 
that the flowering period was longest with a 32.2 °C day 
temperature and shorter with an 26.7, 21.1, and 15.6 °C day 
temperature. Thomas et al. (1981) reported that an increase 
in day temperature did, however, shorten the time to 
appearance of first pods because of the hastening of the time 
to first flower. They also found that the rate of development 
of pods was increased by an increase in day temperature. 
Night temperature also affects the time between 
developmental stages in soybeans. The days to flowering and 
appearance of first pod are advanced by higher night 
temperatures (Huxley et al., 1976; Seddigh and Jolliff, 1984b; 
Thomas and Raper, 1978; Thomas et al., 1981) Time of flower 
production is advanced even further by night temperature than 
by day temperature (Huxley et al., 1976; Thomas et al., 1981). 
van Schaik and Probst (1957) noted that a 15.6 °C night 
temperature with a day temperature of either 21.1, 26.7, or 
32.2 °C delayed flowering compared higher night temperatures 
of 21.1, 26.7, and 32.2 °C. 
Brown (1960) reported that when day temperature was 32.2 
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°C, the flowering period was shortened with each change in 
night temperature from 26.7 to 21.7 to 15.6 °C. Thomas and 
Raper (1978) found that the number of days to first pod 
occurred within 5 to 6 days after flowering in warm night 
treatments and 10 to 12 days in cool night treatments. In 
contrast, Seddigh and Jolliff (1984b) found that an increase 
in night temperature from 10 to 24 °C had no effect on time 
between flowering and first pod. The higher night temperature 
tended to slow reproductive development after poding. This 
resulted in small differences between the appearance of first 
flower and physiological maturity. However, the higher night 
temperature hastened the time to crop maturity because the 
time to first flower was reached earlier. Warmer nights 
advanced maturity by as much as 5 days for 16 °C, and 16 days 
for 24 when compared with 10 °C. 
Flower abortion can result from stress during the 
flowering period. Sionit and Kramer (1977) found that water 
stress during the formation of soybean flowers shortened the 
flowering period, reduced flower formation, and reduced pod 
set. However, water stress applied during pod formation and 
pod filling resulted in greater yield reductions than stress 
applied during flower induction or flower formation. Flower 
and pod production and shedding of flowers in soybeans were 
considerably affected by temperature (van Schaik and Probst, 
1957). More flowers were formed on plants grown in day 
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temperatures of 26.7 and 32.2 °C than in lower temperatures. 
Flower abortion increased with each 5.6-degree increase from 
15.6 to 32.2 °C. The lowering of night temperature in a 
determinate variety, when the day temperature was 26.7 or 32.2 
°C, decreased flower production. But, flower production of an 
indeterminate variety was affected very little by changes in 
night temperature. The lower night temperature had little 
effect on pod set in both the determinate and the 
indeterminate varieties. Thomas and Raper (1977) observed 
that the greatest number of flowers was obtained at 22/18 °C; 
plants grown in temperatures of 26/22 °C had 15% fewer flowers 
and those grown in 30/26 and 18/14 °C had 40% fewer flowers. 
The effect of temperature on the number of pods produced 
per plant has not been well characterized. Thomas and Raper 
(1977) observed the greatest number of pods on soybean plants 
grown in 22/18 °C day/night temperature with lesser amounts in 
26/22 and 30/26 °C treatments; few pods were produced at 18/14 
°C. Sionit et al. (1987a) reported greater numbers of soybean 
pods per plant with increased day/night temperature from 18/12 
to 22/16 to 26/20 °C. The pods produced at 18/12 °C were 
small, parthenocarpic, and abnormal in shape. Soybean plants 
grown in day temperatures ranging from 40 to 46 °C had 71% 
less pods than plants grown in day temperatures ranging from 
24 to 32 °C (Mann and Jaworski, 1970). A day temperature of 
33 °C decreased soybean pods per plant by 34% compared to 27 
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°C (Huxley et al., 1976). They reported that the greatest 
number of pods were produced on plants with delayed flowering. 
Lawn and Hume (1985) found that warmer temperatures during the 
15 days after the appearance of the first flower favored 
higher pod set. Plants subjected to water stress during early 
pod formation produced the smallest number of pods/plant (Mann 
and Jaworski, 1970) . Thomas and Raper (1978) found that 
soybean plants grown at day temperatures of 14, 18, and 22 °C 
produced the greatest number of pods in conjunction with any 
combination of night temperatures above 18 °C in the 
determinate cv. 'Ransom'. They also found that plants grown 
at 26 and 30 °C day temperatures produced a large number of 
pods over a range of night temperatures. The final number of 
pods produced in an indeterminate variety was not affected by 
night temperature (Seddigh and Jolliff, 1984b). 
Enhanced growth and accumulation of assimilates in pods 
occurred with increased day temperature (Thomas et al., 1981). 
The highest dry weights of 50-day-old pods were observed at 
the 26 °C day temperature treatment. Dry weight per pod 
declined at 30 °C and was lowest at 18 and 14 °C. Thomas and 
Raper (1978) reported that the greatest amount of total pod 
dry weight and dry weight per pod was produced with 
combinations of warm days and warm nights. Seddigh and 
Jolliff (1984b) observed that dry matter accumulation in pods 
of an indeterminate soybean was lowest at the high night 
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temperature of 24 °C. Final pod dry weights were about 20% 
higher in 10 °C night treatment than in 24 °C nights. Final 
pod dry weights for 10 and 16 °C night temperatures were 
similar. These differences in total pod dry weights were due 
mainly to weight pod-1 rather than to pod number plant-1. 
Warmer nights enhanced pod formation and hastened pod 
maturity, but resulted in no differences in pod growth period. 
Differences in pod dry weight were, therefore, due to 
differences in pod growth rates. 
Seed growth and development 
Final seed size of soybeans is the result of seed growth 
rate and seed growth duration (Swank et al., 1987). The 
duration of seed growth in soybeans is relatively insensitive 
to temperature over the range of 20 to 30 °C (Egli and 
Wardlaw, 1980; Hesketh et al., 1973). Hesketh et al. (1973) 
observed no difference in the period from first flower to 
first brown pod of soybeans when grown under temperature 
regimes from 23/20 to 32/29 °C. Egli and Wardlaw (1980) found 
that the date of physiological maturity (R7) occurred 3 days 
earlier at 33/28 °C than 24/19, 27/22, or 30/25 °C when 
treatments were applied during seed growth. They concluded 
that a shorter filling period may be one mechanism that 
reduces yield when plants are exposed to high temperature 
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during seed fill. Meckel et al. (1984) found that moisture 
stress also reduced the filling period and yield of soybeans. 
Hanway and Weber (1971) found that differences in final seed 
yield of 8 soybean varieties primarily resulted from 
differences in duration of dry matter accumulation, rather 
than from differences in the rates of dry matter accumulation. 
The duration of soybean seed growth at night temperatures of 
10, 16, and 24 °C were similar (Seddigh and Jolliff, 1984a). 
The duration of reproductive growth stages prior to seed 
filling may be associated with seed yield. Dunphy et al. 
(1979) found a positive correlation between seed yield and 
number of days between beginning flower (Rl) and full bloom 
(R2), for several soybean genotypes. They also observed a 
negative correlation between seed yield and days between full 
bloom (R2) and first pod (R3). The soybean lines with shorter 
periods of pod development and longer periods of seed 
development tended to have higher yields. 
Variation in seed size of soybeans can occur among 
genotypes, among plants of a genotype grown in the same 
location, and on the same plant (Egli et al., 1987b; Spaeth 
and Sinclair, 1984). The relative proportions of various 
sized seeds on a plant may be influenced by the timing of 
opening of individual flowers as well as by environmental 
conditions during seed development (Egli et al., 1987a). 
Spaeth and Sinclair (1984) found that on a whole-plant basis 
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neither morphological position nor the duration of seed fill, 
nor a combination of the two could explain the variation in 
individual seed mass. Egli et al. (1987a) concluded that 
differences in seed mass variation found in pods with 
differing dates of flower opening may be related to assimilate 
supply to the fruit during the early stages of pod and seed 
development. Gbikpi and Crookston (1981) observed that later 
developing seeds had faster rates of dry matter accumulation 
and shorter effective filling periods than earlier developing 
seeds. In contrast, Egli et al. (1978) found similar growth 
rates in seeds from early and late formed pods. But, the 
duration of effective filling period was decreased in late- 
formed pods and resulted in slightly smaller seeds in several 
indeterminate soybean varieties. 
Seed growth rates of soybean are partially determined by 
genetic makeup (Egli et al., 1978/ Egli et al., 1981), but can 
be affected by temperature (Egli et al., 1989; Egli and 
Wardlaw, 1980; Seddigh and Jolliff, 1984a) . Genetic 
differences in seed growth rates are controlled by the 
cotyledons either through cotyledon cell number (Egli et al., 
1981) or through cell size (Swank et al., 1987). Seeds having 
a higher number of cells per cotyledon have greater rates of 
dry matter accumulation and higher final seed size (Egli et 
al., 1981; Guldan and Brun, 1985). Swank et al. (1987) found 
that genotypes with similar seed growth rates and cell number 
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in the cotyledons could still widely vary in final seed size. 
They contributed the difference in final seed size to longer 
duration of seed fill. Egli et al. (1989) observed that 
cotyledon cell number in soybean is influenced by the 
physiological environment during the cell division phase of 
seed development and that cotyledon cell number and assimilate 
supply are important in determining seed growth rate. 
Environmental factors influence the rate of seed growth 
in soybeans but, seed growth rate was not the most important 
factor in determining yield (Egli, 1975; Meckel et al., 1984). 
Egli (1975) found that reductions in grain yield of soybeans 
due to late planting dates primarily were a result of 
decreased seed number and not decreased seed weight. Meckel 
et al. (1984) found that water stress during seed-filling 
decreased the seed filling period, but had little effect on 
rate of seed growth. 
Egli and Wardlaw (1980) observed the effects of 
temperature at flowering and pod development and at seed¬ 
filling on soybean seed growth rate. They found that soybean 
seed growth rate increased as temperature during seed fill 
increased from 18/13 to 27/22 °C. Seed growth rate decreased 
slightly when the temperature was raised from 27/22 to 33/28 
°C. High temperature (33/28 °C) during flowering and pod 
development reduced seed growth rate regardless of the 
temperature during seed-fill. The reduction was due to 
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factors other than the ability of the plant to supply 
assimilate to the seed. They also found that high temperature 
of 33/28 °C during seed-fill limited the supply of assimilate 
to developing seeds. 
Seddigh and Jolliff (1984a, 1984b) studied the effects of 
night temperature on seed growth rate of soybeans. Seed 
growth rate generally increased with warmer nights. An 
increase in night temperature from 10 to 16 °C increased seed 
growth rate by as much as 38%. An increase in night 
temperature from 10 to 24 °C increased seed growth rate by as 
much as 24%. They concluded that night temperatures regulate 
soybean seed growth through a direct effect on the seed and 
not on assimilate supply. They also observed that excessively 
high night temperatures could limit seed growth rate and yield 
of soybeans by limiting the availability of assimilate to the 
seed. 
Seed Yield 
Growth temperature is an important factor in determining 
the final seed yield of soybeans. Runge and Odell (1960) 
calculated that precipitation and maximum daily temperature 
accounted for 68% of the variation in soybean yields from 1909 
to 1957 in Urbana, Illinois. They concluded that maximum 
daily temperatures near Urbana during July and August were too 
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high for optimum soybean yields. Feaster (1949) concluded 
that the most favorable time for planting early-maturing 
varieties of soybeans was later than that for late-maturing 
varieties in southeast Missouri. This was because short- 
season varieties when planted early flowered and began seed 
development during the dry, hot period that occurs in late 
July and early August. 
Total seed yield per plant is a result of the number of 
seeds per plant and the weight per seed. Maximum weight per 
bean at final harvest was observed at 27 °C in the cv. 
'Wayne'; beans at 30 °C were shriveled (Hesketh et al., 1973). 
Sionit et al. (1987b) reported that an increase in growth 
temperature from 18/12 to 22/16 to 26/20 °C increased total 
seed yield per plant. This increase in total seed yield was 
mainly due to an increased number of pods and seeds per plant 
and not due to the increased weight of individual seeds. 
Baker et al. (1989) observed an increase in seed number and a 
decrease in seed weight with an increase in air temperature 
from 26/19 to 31/24 to 36/29 °C during the entire life-cycle 
of soybean. The yield component compensation between seed 
number and seed weight tended to stabilize total plant seed 
yield. Huxley et al. (1976) found that an increase in day 
temperature from 27 to 33 °C decreased seed dry weight per 
plant. Mean seed dry weight was decreased by as much as 35% 
in the higher temperature. The higher temperature also 
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decreased the number of pods and seeds per plant. Thus, the 
increased day temperature reduced yield through reduced pods 
per plant, seeds per pod, and mean seed weight. The number of 
seeds per pod is the seed yield component least affected by 
temperature (Baker et al.; 1989; Huxley et al., 1976; Sionit 
et al., 1987b). 
Night temperature can also have significant effects on 
final seed yield of soybeans. Peters et al. (1971) reported a 
reduction in soybean yield in plants grown at 29 °C night 
compared with plants grown at 18 °C. Increasing night 
temperature from 10 to 16 °C increased seed weight plant-1 by 
as much as 37% (Seddigh and Jolliff, 1984b). The higher 
yields mainly were a result of greater seed size. Increasing 
night temperature from 10 to 24 °C increased final seed yield 
by as much as 23% (Seddigh and Jolliff, 1984a). Huxley et al. 
(1976) found that increasing night temperature from 19 to 24 
°C increased mean seed dry weight by 34-39%. The increase in 
mean seed dry weight was more than offset by a decrease in 
final seed number. The decrease in final seed number resulted 
in a decrease in yield in the higher night temperature 
treatment. 
There is a trade off between reproductive and vegetative 
yield of soybeans in response to temperature. The seedrpod 
weight ratio in soybeans was decreased by an increase in day 
temperature from 27 to 33 °C and increased by an increase in 
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night temperature from 19 to 24 °C (Huxley et al., 1976). 
Seed weight ratio (seed dry weight: total plant dry weight) 
was reduced by an increase in day temperature from 27 to 33 °C 
and unaffected by an increase in night temperature from 19 to 
24 °C (Huxley et al., 1976). This reduction in seed weight 
ratio in the higher temperature was due to a decrease in seed 
dry weight per plant. Baker et al. (1989) observed that 
harvest index (seed yield: mature plant dry weight) was 
decreased by an increase in air temperature from 26/19 to 
36/29 °C. A seed yield increase associated with warm nights 
was at the expense of vegetative organs and pod wall tissues 
(Seddigh and Jolliff, 1984a). 
Stress during flowering and pod formation can reduce the 
final seed yield of soybeans. Seed size was not affected by 
temperature when plants were grown in a 24/19 °C day/night 
temperature regime during flowering and transferred to 
temperatures ranging from 24/19 to 33/28 °C during seed growth 
(Egli and Wardlaw, 1980). But, when plants were exposed to 
33/28 °C air temperature during flowering and pod development, 
they produced smaller seeds than those produced under lower 
temperatures. 
Water stress during the formation of flowers reduced the 
number of seeds per plant, but the seeds were equal in size to 
those obtained from well-watered plants (Sionit and Kramer, 
1977). An even smaller number of seeds per plant were 
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obtained when stress was applied during pod development, but 
individual seeds still had the same weight as those obtained 
from well-watered plants. Stress applied during the pod 
filling stage produced the smallest seeds, but the number of 
seeds per plant was not reduced compared with well-watered 
plants. Seed yields were increasingly reduced as water stress 
period was delayed from flowering and pod formation to seed 
formation and seed filling (Sionit and Kramer, 1977; Smiciklas 
et al., 1989). Drought stress applied during the seed- 
formation or full-seed stages reduced yield more than drought 
stress applied during flowering or full pod (Smiciklas et al., 
1989) This reduction was due mainly to decreased seed number. 
Water and high air temperature stress between stages R5 and R7 
caused large reductions in the seed yield of soybean (Dornbos 
and Mullen, 1991). Fewer and smaller seeds were produced by 
soybean plants exposed to stress throughout this period. High 
air temperature and severe drought-stress reduced the 
reproductive period duration of soybean (Dornbos and Mullen, 
1991) They concluded that the shortening of the seed filling 
period by environmental stress resulted in the production of 
lighter seed. 
In summary, time to first flower in soybeans is hastened 
by an increase in temperature. Higher night temperatures 
shortens the time to flowering even more dramatically than day 
temperature. The time between the appearance of the first 
34 
flower and appearance of the first pod is little affected by 
daytime temperature. It is not precisely known how 
temperature affects flower production in soybeans. However, 
it is known that flower abortion can result if temperatures 
are high enough to stress soybean plants. In general, higher 
temperature increases pod number per plant, although 
stressfully high temperatures can reduce pod set in soybeans. 
At moderate to high daytime temperature, high night 
temperature has little effect on the number of pods formed per 
plant. Dry matter accumulation in pods is highest in warm day 
and warm night temperatures. Stressfully high and cool 
temperatures both limit the accumulation of dry matter in 
soybean pods. 
Stressfully high air temperatures can decrease the 
duration of seed growth, which may limit seed yields. Seed 
growth rate increases as average daily temperature increases 
during seed fill but slightly declines beyond a maximum value. 
As night temperature increases, seed growth rate also 
increases. Lower seed growth rates at excessively high day 
and night temperatures may be caused by limited availability 
of assimilate to the seed. 
Increasing day temperature increases total seed yield of 
soybeans up to a optimum near 30 °C, after which yield 
declines. The increase in total yield is due to increased 
number of pods, seeds, and weight per seed. Excessively high 
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temperature decreases the number of pods and seeds per plant, 
and the weight per seed. The number of seeds per pod is the 
yield component least affected by temperature. Night 
temperature affects seed yield and seed yield components in 
the same manner as day temperature. The ratio of seed dry 
weight to total plant dry weight decreases when day 
temperatures exceed 33 °C. 
Temperature Effect on Soybean Seed Quality 
and Composition 
Seed germination and vigor 
The environmental conditions during the reproductive 
stages of soybeans can affect the quality of soybean seed used 
to plant the next seasons crop. Green et al. (1965) reported 
that soybean seed with the highest quality were produced on 
plants from late planting dates in Missouri. One exception to 
this general observation was the production of high quality 
seed on early maturing soybean varieties planted at early in 
the growing season. They attributed good soybean seed quality 
to the presence of optimum weather during maturation of the 
soybean seeds. Soybean plants from early planting dates which 
matured during hot, dry weather produced seed with lower 
laboratory germination and field emergence. Plants of early 
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maturing varieties from early planting dates matured prior to 
the hot, dry weather and plants from late plantings matured 
after the unfavorable weather conditions. 
High temperature was shown to linearly reduce seed 
quality when applied in increasing periods during seed fill 
(Kiegley and Mullen, 1986). When high temperature of 32/28 °C 
was applied from beginning seed fill (R5) to pod maturity 
(R8), seed germination was lowered to 50%. In contrast, 
average germination was 84% for seed produced at 27/22 °C for 
the same period. The percentage of small, etched, discolored, 
and wrinkled seed was higher for the higher temperature. 
Dornbos and Mullen (1991) observed a 12 percentage point 
reduction in germination due to a high temperature of 35 °C as 
compared to 29 °C during seed filling of soybeans. They also 
observed an 11 to 21% reduction in seedling axis dry weight 
due to high temperatures during seed fill. 
Water stress during seed fill may also be detrimental to 
seed quality. Yaklich (1984) found that when water was 
withheld from plants during seed fill, the seed produced had 
high sandbench germination and field emergence but were low in 
vigor when tested by the accelerated aging test. He also 
observed that drought during pod filling was more detrimental 
to seed quality than drought during the flowering and pod set 
stages. Dornbos et al. (1989) withheld water from soybean 
plants and measured the stress intensity by summing stress 
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degree days (SDD), the difference between the leaf and air 
temperature. They found that germination and vigor decreased 
as SDD increased. Drought reduced germination percentage by 
5% and seedling axis dry weight by 12%, and increased single¬ 
seed conductivity by 19%. Vieira et al. (1992) concluded that 
drought stress did not affect seed germination or vigor, 
unless stress was severe enough to produce shriveled, flat, 
underdeveloped seed. The greatest reductions in germination 
and seedling axis dry weight were observed when high air 
temperature and severe water stress occurred together (Dornbos 
and Mullen, 1991). Seed germination and vigor of soybean 
decreased with a decrease in the average seed weight and with 
an increase in the proportion of small seed in a seedlot due 
to environmental stress during seed fill (Dornbos and Mullen, 
1991). They concluded that when the plant can no longer 
reduce seed number the average weight of the seed is reduced 
and significant reductions in germination and vigor may occur. 
Smiciklas et al. (1992) found that when drought was imposed 
during seed fill of soybean the highest quality seed was from 
the top main stem nodes. Seeds from the branches or bottom 
main stem nodes were most sensitive to drought during R5 and 
R6. Seed germination and vigor is affected less by drought 
than yield in soybeans (Dornbos et al., 1989/ Smiciklas et al. 
1992; Vieira et al., 1992; Yaklich, 1984). Seed vigor can be 
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reduced by as much or more than the germination percentage by 
stress during seed fill (Dornbos and Mullen, 1991). 
Smiciklas et al. (1989) found a 10 percentage point 
reduction in germination of soybean seed by drought stress 
during early seed fill (R5). Drought stress during the full 
seed period (R6) decreased germination by 8 percentage points 
in one year but did not reduce germination in another year. 
Seedling axis dry weights for seed produced from plants 
undergoing drought stress during R5 and R6 were slightly lower 
than non-stressed plants, but the differences were not 
statistically different. The reduction in germination 
coincided with a reduction in seed Ca concentration. 
Application of Ca(N03)2 restored the germination of drought 
stress seed to the non-stressed seed level. They also 
observed that drought-stressed seed, with a Ca concentration 
equal to non-stressed seed, had a high germination percentage. 
This observation suggested that a reduction in seed Ca 
concentration was not solely responsible for the decrease in 
germination of the drought-stressed seed. 
Soybean seeds developed from high air temperature stress 
(Dornbos and Mullen, 1991) and water-stressed plants (Dornbos 
and Mullen, 1991; Hill et al., 1986b; Vieira et al., 1992) 
have higher percentages of hard seed that are impermeable to 
water. The effect of high air temperature was greater than 
the effect of water stress (Dornbos and Mullen, 1991) The 
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high percentage of hard seed was associated with a reduction 
in seed size (Dornbos and Mullen, 1991; Hill et al., 1986b; 
Vieira et al., 1992). Hill et al. (1986a) also found that the 
small seed within a soybean line that had a considerable 
amount of impermeable seeds exhibited the impermeable seed- 
coat or hard-seeded trait more frequently than large seed. 
Hardseededness was shown to be beneficial to maintaining 
viability in the field when moisture was limiting for 
germination, to resistance to moisture readsorption of seed on 
unharvested plants, and to greater storage potential (Potts et 
al., 1978). 
Hill et al. (1986b) found that the higher percentage of 
hard seed obtained in a water-stressed treatment was 
negatively correlated with the incidence of ruptured seed 
coats. The incidence of seed coat rupture was positively 
correlated with seed weight, volume, and width. They 
concluded that ruptured seed coats were caused by the 
cotyledons expanding against the seed coat and that high soil 
moisture during seed fill causes a disruption in seed-coat 
integrity. In contrast, Burchett et al. (1985) found that 
supplemental irrigation did not increase the incidence of 
seed-coat rupture. They did, however, observe lower 
germination in seedlots with high amounts of seed coat rupture 
and found that seeds with ruptured seed coats were more 
susceptible to damage when dropped from low heights. 
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Seed composition 
Oil and protein are two of the most commercially 
important constituents of the soybean seed and together make 
up approximately 60 to 65 percent of the dry matter of the 
seed. The mature soybean seed contains approximately 42% 
protein (Bils and Howell, 1963) and 22% oil (Bils and Howell, 
1963; Lopez-Andreu, 1985). Protein content in mature soybean 
seed is inversely correlated with sugars and oil content 
(Cartter and Hopper, 1942; Krober and Cartter, 1962; Weiss et 
al., 1952). 
Oil and protein development in soybean seed has been 
thoroughly studied. Bils and Howell (1963) reported that 
lipid granules begin to appear in the cytoplasm of the soybean 
seed by 26 days after flowering (DAF). At 25 DAF, the 
composition of soybean seed was about 30% protein and 5% oil; 
however, this represented only 2% of the total protein and 1% 
of the oil in the mature seed (Rubel et al., 1972). From 24 
to 40 DAF the percentage of seed oil increased rapidly to 20%, 
but was still only 30% of the total oil found in the mature 
seed (Rubels et al., 1972). During the remaining period of 
development (about 25 days) of the soybean seed, 70% of the 
total protein and oil found in the seed at maturity was 
synthesized. Yazidi-Samadi et al. (1977) observed that oil 
and protein increased until maturity in the cv. Harosoy 63 but 
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leveled off before maturity in cv. Steele. They also noted 
that the oil and protein percentages were similar for both 
cultivars. Dornbos and McDonald (1986) observed that after R7 
(physiological maturity), the seed moisture content of soybean 
decreased rapidly while the quantity and percent composition 
of sugar, oil, and protein changed little. 
Garcia et al. (1988) determined that soybean seeds 
actively synthesized neutral and polar lipids. The period of 
maximum activity of lipid synthesis, especially 
triacylglycerol synthesis, was 19 to 41 DAF. Between 42 and 
50 DAF, the synthesis of polar lipids and triacylglycerols was 
reduced while the synthesis of diacylglycerols was maintained. 
Roehm and Privett (1970) reported that the triglyceride 
content of the total lipid fraction increased from 6.5% at 30 
DAF to 85% in the mature soybean (111 DAF). 
Seed composition is affected by environment during seed 
development. High mean temperatures are positively correlated 
with high oil content (Howell and Cartter, 1953/ Weiss et al., 
1952; Wolf et al., 1982). Howell and Cartter (1958) found 
that oil content averaged 23.2, 20.8, and 19.5% when day 
temperatures during the seed-filling stage were 29.4, 25, and 
21.1 °C, respectively. A day temperature of 29.4 °C for one 
week during seed-filling increased oil content from 19.5 to 
22%. Wolf et al. (1982) found that a day/night temperature of 
33/28 °C during seed fill increased protein content in soybean 
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seed above that of seed grown in 18/13, 24/19, or 27/22 °C. 
Day temperatures during 20 to 40 days before maturity had a 
greater affect on oil content that at any other time of seed 
development (Howell and Cartter, 1953). 
Soybean seed produced in southern areas of the U.S. were 
higher in oil content, but weighed less than those produced in 
the north (Cherry et al.,1985). The protein content of 
soybeans processed in southern locations was higher than that 
of soybeans processed in northern locations (Breene et al., 
1988). Wolf et al. (1982) observed the highest percentage of 
protein and oil in soybean at 33/28 °C day/night temperature 
compared with 18/13, 24/19, 27/22, and 30/25 °C. The results 
of Wolf et al. (1982) are in contradiction to the negative 
correlation between protein and oil content of earlier 
findings (Cartter and Hopper, 1942; Krober and Cartter, 1962; 
Weiss et al., 1952). Dornbos and Mullen (1992) reported a 
curvilinear relationship between protein, oil, and air 
temperature during seed fill of soybean. They observed that 
protein content of soybean seed declined between air 
temperatures of 21 and 27 °C and then increased from 28 to 35 
°C. Whereas, oil content increased between air temperatures 
of 21 and 29 °C and then decreased from 30 to 35 °C. 
The average fatty acid composition of mature seeds for 
three common soybean cultivars was 10.3% palmitic acid (16:0), 
4.0% stearic acid (18:0), 21.6% oleic acid (18:1), 54.8% 
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linoleic acid (18:2), and 9.1% linolenic acid (18:3) (Lopez- 
Andreu, 1985). Dutton and Mounts (1966) using radioactive 
labeling with 14C02, found that dehydrogenation is the general 
mechanism in the seeds of higher plants for the production of 
C18 fatty acids that differ in degree of unsaturation. Oleic 
acid was the first unsaturated fatty acid to acquire 
radioactivity, which subsequently and successively appeared in 
linoleic and linolenic acids. 
The largest increase in fatty acid quantity occurs in the 
first half of seed formation (Cherry et al.,1984; Dornbos and 
McDonald, 1986). Simmons and Quackenbush (1954) found that 
soybeans harvested at successive stages of maturity showed 
continuous increases in the amount of each of the fatty acids 
until 50 DAF, after which they remained constant. However, 
the percentage contribution of each of the fatty acids to the 
total fatty acids in soybean seed changes throughout 
development. During the middle developmental stages of 
soybean seed, there is a reduction in the percentages of 
palmitic, stearic, and linoleic acid (Cherry et al., 1984; 
Dornbos and McDonald, 1986; Rubel et al., 1972; Simmons and 
Quackenbush, 1954) and an increase in the percentages of oleic 
and linolenic acids (Dornbos and McDonald, 1986; Simmons and 
Quackenbush, 1954). Palmitic, stearic, and linoleic acid 
account for 68% of the total fatty acid at R4, but only 21% at 
R6 (Dornbos and McDonald, 1986). Oleic and linoleic acid 
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accumulated most rapidly between stages R5 and R6, 
representing 79% of the fatty acid content at R6. Linolenic 
acid content in mature soybean seed is inversely proportional 
to oleic acid content (Cherry et al., 1984/ Hirayama and 
Hujii, 1965). 
The fatty acid composition of soybean oil is influenced 
by environment during seed development. Cherry et al. (1985) 
observed that soybean seeds produced in the southern U.S. were 
lower in linolenic acid and higher in oleic acid than seeds 
produced in northern states. Warmer environments are 
associated with high oleic acid and lower linoleic and 
linolenic acid percentages (Carver et al., 1986; Dornbos and 
Mullen, 1992; Rennie and Tanner, 1989). Palmitic and stearic 
acid content of soybean oil was unchanged by temperature (Wolf 
et al., 1982). In eight environments in North Carolina, 
Mississippi, and Puerto Rico, temperature was considered to be 
the most influential environmental variable in determining 
soybean oil fatty acid composition (Carver et al., 1986). 
Linolenic acid content of soybean oil from several 
locations and varieties varied from about 5 to 8.5% and 
linoleic acid varied from about 46 to 54% (Howell and Collins, 
1957). Increasing temperature during soybean seed development 
and oil metabolism resulted in lower levels of linoleic and 
linolenic acid content (Cartter and Hopper, 1942; Howell and 
Cartter, 1958; Howell and Collins, 1957; Rennie and Tanner, 
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1989; Wolf et al., 1982). Night temperature affected the 
linoleic and linolenic acid content of soybean oil less than 
day temperature (Howell and Collins, 1957). The temperature 
for soybean growth during 31 to 45 days before maturity and 11 
to 30 days before maturity were equally important in 
determining linolenic acid composition. Whereas, the 
temperature during the growth period of 11 to 30 days before 
maturity was most closely related to linoleic acid composition 
(Howell and Collins, 1957). 
Enzymes for fatty acid desaturation can be rapidly 
modulated in response to growth temperatures, but enzymes for 
fatty acid synthesis are not (Cheesbrough, 1989). Temperature 
mediated changes in fatty acid composition of soybean oil, may 
be regulated by changes in the enzymes for fatty acid 
desaturation. Linoleoyl and oleoyl desatureases were 94 and 
110 times as active, respectively, in seeds cultured for 20 h 
at 20 °C as those cultured for 20 h at 25°C. Both linoleoyl 
desaturase and oleoyl desaturase had negligible activity in 
seeds cultured at 35 as compared to 20°C. This may explain 
the reduction in the levels of linoleic and linolenic acid due 
to high air temperatures during seed growth. 
In summary, the composition of soybean seed is affected 
by the temperature encountered during growth. High mean 
temperatures are positively correlated with high oil content. 
Protein and oil content of soybean seed were found to be 
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negatively correlated in several studies. In other studies, 
however, the highest amounts of protein and oil were produced 
at high temperatures. A recent study by Dornbos and Mullen 
(1991) found a curvilinear relationship between oil, protein, 
and air temperature during the seed fill of soybean. They 
observed that protein content of soybean seed declined between 
air temperatures of 21 and 27 °C and then increased from 28 to 
35 °C. Oil content increased between air temperatures of 21 
and 29 °C and decreased from 30 to 35 °C. Soybean seeds 
produced in warm environments are low in linoleic and 
linolenic acid percentages and high in oleic acid percentages. 
Palmitic and stearic acid percentages seem to be insensitive 
to temperature. 
SUMMARY 
It is known that high temperatures during soybean growth 
can influence seed yield, seed quality, and seed composition. 
Several studies have been conducted on the effects of 
increases in day temperature or concomitant increases in 
day/night temperature applied during the entire life-cycle of 
soybean. Not much is known about the influence of night 
temperature or different combinations of day and night 
temperature on soybean seed yield, quality, and composition. 
Furthermore, the effects of high temperature applied only 
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during reproductive growth on soybean seed yield has not 
received much attention. A better understanding of the 
effects of high temperature during reproductive growth would 
be beneficial since the highest temperatures of the soybean 
growing season are generally encountered during reproductive 
growth. Thus, the goal of this research was to determine the 
influence of combinations of high and moderate day and night 
temperatures during flowering and pod set, seed fill and 
maturation, and the entire reproductive period on soybean seed 
yield, seed quality, and seed composition. 
48 
PAPER 1. INFLUENCE OF DAY AND NIGHT TEMPERATURE 
REPRODUCTIVE GROWTH ON SOYBEAN SEED YIELD. 
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ABSTRACT 
Growth temperature is known to influence the seed yield 
of soybean (Glycine max (Merr.) L.). Most studies have 
concentrated on the effects of increases in day temperature or 
concomitant increases in day/night temperature during the 
entire life-cycle of soybean. A better understanding of the 
influence of combinations of high day and night temperature 
during reproductive growth on soybean seed yield would be 
beneficial since the highest temperatures of the growing 
season are often encountered during reproductive growth. 
Day/night growth temperatures of 30/20, 30/30, 35/20, and 
35/30 °C were imposed during flowering and pod set (R1-R5), 
seed fill and maturation (R5-R8), and continually during the 
entire reproductive period (R1-R8) to determine the effects of 
different combinations of day and night temperature during 
reproductive growth on soybean seed yield. There were no 
significant interactions of day temperature (DT) and night 
temperature (NT) on any of the yield components measured. An 
increase in day temperature from 30 to 35 °C during R1-R5, 
when averaged across night temperature, decreased seeds plant-1 
11%, seeds pod-1 14%, weight seed-1 8%, and total seed weight 
plant-1 18%. The increase in DT during R5-R8 decreased weight 
seed-1 15% and total seed weight plant-1 18%. The high DT 
during R1-R8 decreased seeds plant-1 11%, seeds pod-1 16%, 
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weight seed-1 18%, and total seed weight plant-1 27%. An 
increase in NT from 20 to 30 °C, when averaged across DT, had 
no significant effect on total seed weight plant-1 when applied 
during R1-R5, R5-R8, or R1-R8; but increased pods plant-1 8% 
and seeds plant-1 4% when applied during R1-R5. The high NT 
also decreased weight seed-1 6% during R5-R8; and when applied 
during R1-R8, increased pods plant-1 12% and seeds plant-1 10% 
and decreased weight seed-1 10%. The increase in DT during 
R1-R5, R5-R8, and R1-R8 had no effect on the duration of seed 
fill but decreased the rate of seed fill 9 to 26%. Reductions 
in seed filling rate due to high DT were accompanied by 8 to 
14% reductions in photosynthetic rate. The increase in NT 
during R5-R8 and Rl- R8 increased the duration of seed fill by 
3 to 4 days and decreased the seed filling rate 15-21%. The 
photosynthetic rate of soybean plants during the day was 
increased 4% by an increase in NT during R1-R8, but the 
increase did not result in a higher seed yield. 
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INTRODUCTION 
Growth temperature is an important factor in determining 
the final seed yield of soybeans. Runge and Odell (1960) 
calculated that precipitation and maximum daily temperature 
accounted for 68% of the variation in soybean yields from 1909 
to 1957 in Urbana, Illinois. They concluded that maximum 
daily temperatures near Urbana during July and August were too 
high for optimum soybean yields. Feaster (1949) concluded 
that the most favorable time for planting early-maturing 
varieties of soybeans was later than that for late-maturing 
varieties in southeast Missouri. This was because 
short-season varieties flowered and began seed development 
during the dry, hot period that occurs in late July and early 
August when planted early. 
The effect of temperature on the number of pods produced 
per plant has not been well characterized. Thomas and Raper 
(1977) observed that when temperature treatments were.applied 
for 50 days following the expansion of the sixth trifoliolate 
leaf, the greatest number of pods were on soybean plants grown 
in 22/18 °C day/night temperature with lesser amounts in 26/22 
and 30/26 °C treatments; few pods were produced at 18/14 °C. 
Sionit et al. (1987) reported greater numbers of soybean pods 
per plant with increased day/night temperature from 18/12 to 
22/16 to 26/20 °C applied during the entire life cycle. The 
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pods produced at 18/12 °C were small, parthenocarpic, and 
abnormal in shape. Soybean plants grown from flowering to 
maturity in day temperatures ranging from 40 to 46 C had 71% 
less pods than plants grown in day temperatures ranging from 
24 to 32 °C (Mann and Jaworski, 1970). A season-long day 
temperature of 33 °C decreased soybean pods per plant by 34% 
compared to 27 °C (Huxley et al., 1976). They reported that 
the greatest number of pods were produced on plants with 
delayed flowering. Lawn and Hume (1985) used eight 
combinations of day temperatures of 20 and 30 °C and night 
temperatures of 8, 12, 16, and 20 °C and found that warmer 
temperatures imposed during the 15 days after the appearance 
of the first flower favored higher pod set in soybeans. 
Thomas and Raper (1978) found that soybean plants grown at day 
temperatures of 14, 18, and 22 °C for 50 days after the 
expansion of the first trifoliolate leaf produced the greatest 
number of pods in conjunction with any combination of night 
temperatures above 18 °C in the determinate cv. 'Ransom'. 
They also found that plants grown at 26 and 30 °C day 
temperatures produced a large number of pods over a range of 
night temperatures. The final number of pods produced in an 
indeterminate variety was not affected by night temperature 
treatments applied from 2 weeks after emergence until maturity 
(Seddigh and Jolliff, 1984b). 
Total seed yield per plant is a result of the number of 
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seeds per plant and the weight per seed. Egli (1975) found 
that reductions in grain yield of soybeans due to late 
planting dates primarily were a result of decreased seed 
number and not decreased seed weight. He also found that 
environmental factors influence the rate of seed growth in 
soybeans, but seed growth rate was not the most important 
factor in determining yield. Maximum weight per bean at final 
harvest was observed at 27 °C in the cv. 'Wayne'; beans at 30 
°C were shriveled (Hesketh et al., 1973). Sionit et al. 
(1987) reported that an increase in season-long growth 
temperature from 18/12 to 22/16 to 26/20 °C increased total 
seed yield per plant. The increase in total seed yield was 
mainly due to an increased number of pods and seeds per plant 
and not due to the increased weight of individual seeds. 
Baker et al. (1989) observed an increase in seed number and a 
decrease in seed weight as air temperature increased from 
26/19 to 31/24 to 36/29 °C when imposed during the entire 
life-cycle of soybean. The yield component compensation 
between seed number and seed weight tended to stabilize total 
plant seed yield. Huxley et al. (1976) found that an increase 
in day temperature from 27 to 33 °C during the entire life 
cycle of soybean decreased seed dry weight per plant. Mean 
seed dry weight was decreased by as much as 35% in the higher 
temperature. The higher temperature also decreased the number 
of pods and seeds per plant. Thus, the increased day 
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temperature reduced yield through reduced pods per plant, 
seeds per pod, and mean seed weight. High air temperature 
stress between stages R5 and R7 caused large reductions in the 
seed yield of soybean (Dornbos and Mullen, 1991). Fewer and 
smaller seeds were produced by soybean plants exposed to 
stress throughout this period. The number of seeds per pod 
was the seed yield component least affected by temperature 
(Huxley et al., 1976/ Sionit et al., 1987/ Baker et al./ 
1989) . 
Night temperature can also significantly influence final 
seed yield of soybeans. Peters et al. (1971) reported that, 
in an unreplicated test, soybean yield was reduced 10% in 
plants grown at 29 °C night temperature from flowering to 
maturity compared with plants grown at 18 °C. Increasing 
night temperature from 10 to 16 °C at 2 weeks after emergence 
until maturity increased seed weight/plant by as much as 37% 
(Seddigh and Jolliff, 1984b). The higher yields mainly were a 
result of greater seed size. Increasing night temperature 
from 10 to 24 °C increased final seed yield by as much as 23% 
(Seddigh and Jolliff, 1984a). Huxley et al. (1976) found that 
increasing season-long night temperature from 19 to 24 °C 
increased mean seed dry weight by 34-39%. The increase in 
mean seed dry weight was more than offset by a decrease in 
final seed number. The decrease in final seed number resulted 
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in a decrease in yield in the higher night temperature 
treatment. 
Temperature stress during flowering and pod formation can 
reduce the final seed yield of soybeans. Seed size was not 
affected by temperature when plants were grown in a 24/19 °C 
day/night temperature regime during flowering and transferred 
to temperatures ranging from 24/19 to 33/28 °C during seed 
growth (Egli and Wardlaw, 1980). But, when plants were 
exposed to 33/28 °C air temperature during flowering and pod 
development, plants produced smaller seeds than those produced 
under lower temperatures. 
Final seed size of soybeans is the result of seed growth 
rate and seed growth duration (Swank et al., 1987). The 
duration of seed growth in soybeans is relatively insensitive 
to temperature over the range of 20 to 30 °C (Egli and 
Wardlaw, 1980). Hesketh et al. (1973) observed no difference 
in the period from first flower to first brown pod of soybeans 
when grown under season-long temperature regimes from 23/20 to 
32/29 °C. Egli and Wardlaw (1980) found that the date of 
physiological maturity (R7) was not affected by temperatures 
of 24/19, 27/22, or 30/25 °C during seed growth, but occurred 
3 days earlier at 33/28 °C. They concluded that a shorter 
filling period may be one mechanism that reduces yield when 
plants are exposed to high temperature during seed fill. High 
air temperature of 33/20 compared to 27/20 during seed fill 
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decreased the reproductive period duration of soybean by 4 
days (Dornbos and Mullen, 1991). They concluded that the 
shortening of the seed filling period by environmental stress 
resulted in the production of lighter seed. The duration of 
soybean seed growth at season-long night temperatures of 10, 
16, and 24 °C at ambient day temperature were similar (Seddigh 
and Jolliff, 1984a). 
Seed growth rates of soybean can be affected by 
temperature (Egli and Wardlaw, 1980; Seddigh and Jolliff, 
1984a; Egli et al., 1989). Egli and Wardlaw (1980) observed 
the effects of temperature at flowering and pod development 
and at seed-filling on soybean seed growth rate. They found 
that soybean seed growth rate increased as temperature during 
seed fill increased from 18/13 to 27/22 °C. Seed growth rate 
decreased slightly when the temperature was raised from 27/22 
to 33/28 °C. High temperature (33/28 °C) during flowering and 
pod development reduced seed growth rate regardless of the 
temperature during seed-fill. The reduction was due to 
factors other than the ability of the plant to supply 
assimilate to the seed. They also found that high temperature 
of 33/28 °C during seed-fill limited the supply of assimilate 
to developing seeds. 
Seddigh and Jolliff (1984a, 1984b) studied the effects of 
night temperature from two weeks after emergence until 
maturity on seed growth rate of indeterminate soybeans. Seed 
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growth rate generally increased with warmer nights. An 
increase in night temperature from 10 to 16 °C increased seed 
growth rate by as much as 38%. An increase in night 
temperature from 10 to 24 °C increased seed growth rate by as 
much as 24%. They concluded that night temperatures regulate 
soybean seed growth through a direct effect on the seed and 
not on assimilate supply. They also observed that excessively 
high night temperatures could limit seed growth rate and yield 
of soybeans by limiting the availability of assimilate to the 
seed. 
It is known that growth temperature can greatly influence 
the seed yield of soybean. Most studies on the effect of 
temperature on soybean seed yield have concentrated on 
increases in day temperature or concomitant increases in 
day/night temperature. The few studies conducted on the 
effect of increases in night temperature on soybean seed yield 
have concentrated on season long increases. A better 
understanding of the influence of combinations of day and 
night on soybean seed yields would be beneficial since the 
highest temperatures of the growing season are often 
encountered during reproductive growth. Thus, the objective 
of this research was to determine the effects of different 
combinations of day and night temperature during flowering and 
pod set (R1-R5), seed fill and maturation (R5-R8), and 
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continually during the entire reproductive period (R1-R8) on 
soybean seed yield. 
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MATERIALS AND METHODS 
Soybean seeds of the determinate cultivar Gnome 85 
(Maturity Group II) were planted in a greenhouse at Iowa State 
University, Ames, Iowa on 30 Sept, and 30 Dec, 1990, and 26 
Apr. and 9 Aug 1991. Four seeds were planted in each of 80 
plastic pots ( 11.3-L volume) that contained equal parts of 
soil (silt loam), peat, and perlite. The population was 
thinned to one plant per pot when two trifoliolate leaves had 
unfolded (V2, Fehr and Caviness, 1977). The plants were 
fertilized weekly with 3.5 L of Peters Professional 20-20-20 
soluble fertilizer at 225 ppm using a Dos-matic injector. 
High-intensity sodium light were used to supplement natural 
sunlight and maintain a 15 h photoperiod. 
Plants were transferred to Conviron model PGW 36 growth 
chambers at flowering (Rl). Eighteen pots were placed in each 
of four growth chambers. Each chamber was set to one of four 
day/night temperature regimes: 35/30, 35/20, 30/30, and 30/20 
°C. The day/night temperature change occurred gradually over 
a two hour period. When plants from all treatments reached 
beginning seed fill (R5) , four plants from each of the 35/30, 
35/20, and 30/30 temperature regimes were switched with four 
plants in the 30/20 temperature regime. This allowed the 
study of temperature effects during flowering and pod 
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formation, during seed filling and maturation, and during the 
entire reproductive growth stage. 
The plants were watered and fertilized to prevent water 
stress or nutrient deficiency symptoms. Plants were 
fertilized twice a week in the growth chambers until first 
brown pod (R7) with the same type and amount of liquid 
fertilizer used during greenhouse growth. The initial 
photoperiod was 14 hours in the growth chambers and 
subsequently was decreased by one hour when treatments reached 
beginning seed fill (R5) and again at 2 weeks after beginning 
seed fill. The temperature in each chamber was turned to 
20/20 °C day/night when half of the plants in that chamber had 
reached harvest maturity (R8). Plants were harvested 
approximately ten to twenty days following R8. 
Photosynthetic measurements were taken during midday with 
a LI-6200 Portable Photosynthesis System (LiCor, Inc., 
Lincoln, NE). Seeds were hand harvested 10 to 20 days 
following growth stage R8. Measurements were taken for seeds 
plant-1, pods plant-1, pods formed without seeds plant-1, seeds 
pod-1, and weight seed-1. Reproductive period duration (RPD) 
was calculated as the days between growth stages R5 and R7. 
The plant seed filling rate (PSFR) was calculated as the total 
seed weight plant-1 divided by the RPD. Individual seed 
filling rate was calculated as the weight seed-1 (ISFR) divided 
by the RPD. 
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The experiment included four replications in time. The 
experiment was statistically analyzed as a randomized block 
design with 10 treatments using the Analysis of Variance 
procedure. Contrasts were made between temperatures within 
growth stages. The 30/20 °C treatment was used as a control 
and was included in the contrasts for each growth stage. 
Least significant differences were determined at the P>F = .05 
level and are given in the tables as an indication of 
variance. 
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RESULTS AND DISCUSSION 
Influence of DT and NT on Pods Plant-1, Seeds Plant-1, 
Seeds Pod-1, Weight Seed-1, and Seed Weight Plant-1 
An increase in DT from 30 to 35 °C during R1-R5, R5-R8, 
and R1-R8, when averaged across NT, did not significantly 
affect the number of pods plant-1 (Table 1). Unlike the 
current study, Huxley et al. (1976) found that an increase in 
DT from 27 to 33 °C, when applied for the entire life cycle, 
decreased the number of pods plant-1. An increase in NT from 
20 to 30 °C, when averaged across DT, increased the final 
number of pods plant-1 8% when applied during flowering and pod 
set (R1-R5) and 12% when applied during the whole reproductive 
period (R1-R8). Increases in NT during seed fill and 
maturation (R5-R8) had no effect on the number of pods plant-1. 
There was no interaction of DT and NT on pods plant-1. Unlike 
the increases during R1-R5 and R1-R8 seen in this study; 
season-long changes in night temperature did not affect the 
number of soybean pods plant-1 in other studies (van Shaik and 
Probst, 1957; Seddigh and Jolliff, 1984b). 
The high DT decreased the number of seeds plant-1 11% when 
applied during R1-R5, but did not significantly affect the 
number of seeds plant-1 during R5-R8 or R1-R8 (Table 1). An 
increase in NT during R1-R5 or R5-R8 had no effect on the 
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number of seeds plant-1. The high NT during R1-R8 increased 
the number of seeds plant-1 10%. There were no interactions of 
DT and NT on seeds plant-1. 
An increase in DT from 30 to 35 °C decreased the number 
of seeds pod-1 14% when applied during R1-R5 and 16% when 
applied during R1-R8 (Table 1). The increase in NT from 20 to 
30 °C during R1-R5 decreased the number of seeds pod-1 5%. The 
high DT during R5-R8 and NT during R5-R8 and R1-R8 had no 
effect on the number of seeds pod-1. There were no 
interactions of DT and NT on seeds pod-1. 
The high DT during R1-R5 and R1-R8 did not significantly 
affect the number of pods plant-1, but decreased the number of 
seeds plant-1 leading to the reduction in the number of seeds 
pod-1. The reduction in seeds pod-1 and not in pods plant-1 is 
in contrast to several other studies which reported that the 
number of seeds pod-1 was the yield component least affected by 
temperature in several studies (Huxley et al., 1976; Sionit et 
al., 1987; Baker et al., 1989). The amount of pods formed 
without seeds was increased from 2.8 to 5.3 when the high DT 
was applied during R1-R5 and from 1.9 to 10.3 when applied 
during R1-R8 (Table 1). The high NT during flowering and pod 
set resulted in a larger percentage increase in the number of 
pods plant-1 than seeds plant-1, which resulted in the decrease 
in the number of seeds pod-1. 
The high DT decreased the weight seed-1 8% when applied 
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during R1-R5, 15% when applied during R5-R8, and 18% when 
applied during R1-R8 (Table 1). The high NT decreased the 
weight seed-1 6% when applied during R5-R8 and 10% when applied 
during R1-R8. An increase in NT during R1-R5 had no effect on 
the weight seed-1. The high DT decreased the final seed weight 
plant-1 18% when applied during R1-R5, 18% when applied during 
R5-R8, and 27% when applied during R1-R8 (Table 1). The NT 
treatments had no significant effects on the final seed weight 
plant-1. There were no interactions of DT and NT on weight 
seed-1 and seed weight plant-1. Reductions in the weight 
plant- 1 due to the high DT during flowering and pod set were 
due to reductions in the number of seeds, seeds pod-1, and the 
weight seed-1. Reductions in seed weight due to high 
temperatures during flowering and pod set have been reported 
by Egli and Wardlaw (1980). They accredited this to lower 
growth rate since there were no differences in date of 
physiological maturity among treatments. Reductions in the 
seed weight plant-1 due to high DT during seed fill and 
maturation were caused primarily by reductions in the weight 
seed-1. When the high DT was applied throughout the entire 
reproductive period, reductions in the weight plant-1 were due 
to reductions in the number of seeds, seeds pod-1, and the 
weight seed-1. When compared with flowering and pod set, high 
DT during the entire reproductive period decreased the seeds 
plant 1 and pods plant-1 similarly, but decreased the weight 
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seed-1 more dramatically. When compared with seed fill and 
maturation, high DT during the entire reproductive period 
decreased the weight seed-1 slightly more and decreased the 
number of seeds and seeds pod-1 much more. 
Baker et al. (1989) observed an increase in seed number 
and a decrease in seed weight with an increase in day/night 
temperature from 26/19 to 31/24 to 36/29 °C applied during the 
entire life cycle of soybean. The yield compensation between 
seed number and seed weight tended to stabilize the total 
plant seed weight. In the current study, when temperature 
treatments were applied during flowering and pod set and the 
entire reproductive growth period, both the seed number and 
seed weight were decreased by an increase in DT from 30 to 35 
°C. When high DT was encountered over the entire reproductive 
period, seed weight was reduced similar to treatments applied 
during seed fill and maturation, even though seed number was 
reduced. Similarly, Huxley et al. (1976) found that an 
increase in DT from 27 to 33 °C during the entire life cycle 
of soybean decreased the number of seeds per plant and seed 
weight. 
An increase in NT from 20 to 30 °C during flowering and 
pod set, seed fill and maturation, and the entire reproductive 
period had no significant affect on the final seed weight 
plant-1. The high NT during the entire reproductive period 
increased the seeds plant-1 10%, but also decreased the weight 
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seed-1 10%. This yield compensation resulted in no difference 
in the final seed yield. Seeds plant-1 were decreased 4% by 
the high NT during flowering and pod set. Weight seed-1 was 
decreased 6% by the high NT during seed fill and maturation. 
When the temperature was increased during both of these 
periods there was enough of a yield compensation to result in 
no difference in final seed weight plant-1. These responses to 
NT during reproductive growth are in contrast to other 
studies. In an unreplicated test, Peters et al. (1971) 
reported a 10% reduction in soybean yield in plants grown from 
flowering until maturity at 29 °C NT compared with 18 °C. 
Huxley et al. (1976) found a slight decrease in final seed 
yield when the season-long NT was increased from 19 to 24 °C 
at 27 and 33 °C DT. They found that higher NT increased 
weight seed-1 37 %, but this increase was more than off set by 
a 48 % decrease in the final number of seeds plant-1. 
Influanca of DT and NT on Reproductive Pariod Duration 
and Saad Filling Rata 
An increase in DT from 30 to 35 °C during R1-R5, R5-R8, 
and R1-R8 had no effect on the reproductive period duration 
(RPD), when averaged across NT (Table 2). The increase in NT 
during R1-R5 had no affect on the RPD, but increased the RPD 
by 3 days when applied during R5-R8 and 4 days when applied 
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during R1-R8. There were no interactions of DT and NT on 
RPD. The duration of seed growth in soybeans is relatively 
insensitive to temperature over a range of 20 to 30 °C (Egli 
and Wardlaw, 1980). However, the RPD was shortened by 3 days 
due to a day/night temperature of 33/28 °C during seed growth 
(Egli and Wardlaw, 1980). Dornbos and Mullen (1991) found a 
3-day reduction in RPD when temperature was increased from 
27/20 to 33/20 °C. The duration of soybean seed growth at 
night temperatures of 10, 16, and 24 °C applied from 2 weeks 
after emergence until maturity was similar in an indeterminate 
variety (Seddigh and Jolliff, 1984a). In the current study, 
increases in DT from 30 to 35 °C had no affect on RPD, 
however, increases in NT from 20 to 30 °C lengthened the RPD. 
The high DT decreased the plant seed filling rate (PSFR) 
23% when applied during R1-R5, 18% when applied during R5-R8, 
and 26% when applied during R1-R8 (Table 2). The high DT 
decreased the individual seed filling rate (ISFR) 9% when 
applied during R1-R5, 17% when applied during R5-R8, and 22% 
when applied during R1-R8 (Table 2). 
The high DT during R1-R5 decreased the plant seed filling 
rate much more than the individual seed filling rate. The 
decrease in the number of seeds plant-1 during R1-R5 decreased 
the reproductive load of the plant leading to the greater 
reduction in PSFR. It is, however, important to note that the 
individual seed filling rate was reduced 9% by the increase in 
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DT applied during R1-R5. which was in agreement with Egli and 
Wardlaw (1980) who found that high temperature during 
flowering and pod set reduced seed filling rates 32% 
regardless of the temperature during seed fill. They could 
not explain these results. When DT was increased from 30 to 
35 °C during R1-R5 in the current study, the reduction in ISFR 
was accompanied by an 8% average reduction in photosynthetic 
rate during R5-R8 (Figure lc). The largest reduction was 15% 
at 24 DAF. The photosynthetic rate of the R1-R5 treatment 
plants recovered somewhat by 27 DAF, but never fully 
recovered. 
When treatments were applied during R5-R8, the decreases 
in PSFR and ISFR due to an increase in DT were accompanied by 
an average 8% reduction in photosynthetic rate (Figure lb). 
This difference was significant at the .10 level. The largest 
decrease was 10% at 27 and 32 DAF. Egli and Wardlaw (1980) 
also reported that seed growth rate decreased slightly (9%) 
when temperature was raised from 27/22 to 33/28 °C during seed 
growth. 
The photosynthetic rate was not significantly affected by 
an increase in DT in the R1-R8 treatments until 15 DAF (Figure 
lc). From 15 DAF until 42 DAF the photosynthetic rate was 
reduced an average of 14% by the increased DT. The highest 
reduction was 18% at 27 DAF. 
It is not clear if the photosynthetic rate during R5-R8 
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is directly affected by the increase in temperature during 
R1-R5 and R5-R8 or if the lack of seed growth is limiting 
photosynthesis. Genetic differences in seed growth rates 
among cultivars are controlled by cotyledon cell number (Egli 
et al., 1981; Egli et al., 1989; Guldan and Brun, 1985). Egli 
et al. (1989) found that cotyledon cell number is influenced 
by the physiological environment during the cell division 
phase of soybean seed development. They observed that both 
cotyledon cell number and assimilate supply are important in 
determining seed growth rate. Photosynthesis may be 
unaffected by temperature from 26 to 36 °C prior to seed 
growth. Photosynthetic rates were unaffected at 8 weeks after 
planting by air temperatures of 26 to 36 °C (Campbell et al., 
1990) and at R4 and R5 by air temperatures of 28 to 35 °C 
(Jones et al., 1985). However, the optimum temperature for 
C02 assimilation in soybeans was at 25-30 °C when measured 
throughout the growing season (Jeffers and Shibles, 1969) . 
Increased assimilate demand can increase soybean source-leaf 
photosynthesis and carbohydrate formation and export (Thorne 
and Roller, 1974). Greater than normal sink size can increase 
photosynthesis even after leaves have reached full growth 
(Lauer and Shibles, 1987). Egli and Wardlaw (1980) found that 
seeds developed under high temperature of 33/28 °C had a high 
capacity for growth in vitro, but the high temperature during 
seed fill limited the supply of assimilate to developing 
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seeds. It is evident that high temperatures prior to and 
during seed fill of soybeans can decrease seed filling rates 
and weight seed-1. The evidence suggests that factors within 
the seed itself may control the rate of seed fill, but more 
study is needed to determine the effects of high temperature 
during reproductive growth on the assimilate supply to the 
seed. 
An increase in NT during R1-R5 had no effect on the plant 
or individual seed filling rates (Table 2). The high NT 
decreased the plant seed filling rate 14% when applied during 
R5-R8 and 11% when applied during R1-R8. The high NT 
decreased the individual seed filling rate 15% when applied 
during R5-R8 and 21% when applied R1-R8. There were no 
interactions of DT and NT on ISFR or PSFR. The increases in 
NT during R1-R8 decreased the individual seed filling rate 
more dramatically than the increase during R5-R8 alone. But, 
an increase in the number of seeds due to the increase in NT 
applied during R1-R8 compensated for the slower seed growth 
and resulted in the lesser reduction in plant seed filling 
rate during R1-R8 when compared with R5-R8. There were no 
differences in final seed weight plant-1, even though seed 
filling rate was decreased by increases in NT during R5-R8 and 
R1-R8. The increased NT resulted in longer RPD and a longer 
time for seeds to fill which compensated for the decrease in 
seed filling rates. 
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An increase in NT from 20 to 30 °C did not affect the 
photosynthetic rate during seed fill, when treatments were 
applied during R1-R5 (Figure 2a) and R5-R8 (Figure 2b). 
Increase in NT during R1-R8 increased the photosynthetic rate 
an average of 4% (Figure 2c). The largest increase was 5% at 
11 DAF. This increase in photosynthetic rate did not, 
however, result in a higher seed yield in the higher NT. 
Seddigh and Jolliff (1984a, 1984b) reported that night 
temperatures from 10 to 24 °C increased the final seed yield 
of soybean. They concluded that soybean seed growth is 
regulated through a direct effect on the seed and not on 
assimilate supply. They also observed that excessively high 
NT could limit seed growth rate and yield of soybeans by 
limiting the availability of assimilate to the seed. In the 
current study the photosynthetic rate was increased slightly 
by an increase in NT, but seed yield was not significantly 
affected. Seddigh and Jolliffs' (1984b) experiment was a 
field study conducted with an indeterminate soybean cultivar, 
ambient day temperatures, and season-long night temperatures 
which were much lower than the temperatures used in the 
current study. It may be possible that low night temperature 
limits seed growth, but increases in night temperature from 
moderate to high temperature had little affect on the soybean 
seed yield. 
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SUMMARY 
The interaction of day and night temperature was not 
significant at any reproductive growth stage for the seed 
yield components measured in this study suggesting that the 
effects of day and night temperature acted independently on 
seed yield components. 
The high day temperature imposed during flowering and pod 
set decreased seed yield by decreasing the seeds plant-1 due to 
reduced seeds pod-1, and weight seed-1. The high day 
temperature during seed fill and maturation decreased seed 
yield by decreasing only weight seed-1. When the entire 
reproductive period was exposed to high day temperature, the 
seeds plant-1 and seeds pod-1 were decreased similarly in the 
flowering and pod set and the entire reproductive period 
treatments and the weight seed-1 was decreased similarly in the 
seed fill and maturation and the entire reproductive period 
treatments. The largest reduction in seed yield were found in 
the entire reproductive period treatments. The high DT during 
flowering and pod set and the entire reproductive period 
increased seed abortion but not pod abortion. 
Increased night temperature did not affect the final seed 
yield. High night temperature during flowering and pod set 
increased the pods plant-1 and seeds plant-1. Weight seed-1 was 
decreased, when high night temperature was imposed during seed 
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fill and maturation. High night temperature applied during 
the entire reproductive period increased the pods plant-1 and 
seeds plant-1 and decreased the weight seed-1. 
An increase in DT during flowering and pod set, seed fill 
and maturation, and the entire reproductive period had no 
affect on the duration of seed fill, but decreased the rate of 
seed fill. The seed filling rate was decreased more by high 
DT during seed fill and maturation than during flowering and 
pod set. The greatest reductions in seed filling rate was 
encountered when high day temperature was applied throughout 
the entire reproductive period. Reductions in seed filling 
rates were accompanied by reductions in photosynthetic rate. 
It is not clear whether seed growth limited the photosynthetic 
rate or if the assimilate supply limited seed growth. 
Evidence from several studies showed that temperatures between 
26 and 36 °C do not affect photosynthesis prior to seed fill, 
but sink demand can influence photosynthesis in soybeans. 
Further study is needed to determine the relationship between 
seed growth, photosynthesis, and high temperature during 
reproductive growth of soybeans. 
The duration of seed growth and the seed filling rate 
were unaffected by an increase in night temperature during 
flowering and pod set. But, when high night temperature was 
imposed during seed fill and maturation and the entire 
reproductive period, duration of seed growth increased and the 
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seed filling rate decreased. There were no differences in the 
final seed yield due to the high night temperature because the 
slower seed filling rates were offset by a longer duration of 
seed growth. The high night temperature applied during the 
entire reproductive period increased the photosynthetic rate. 
This increase in photosynthetic rate did not result in a 
higher seed yield. 
These results indicate that seed yield components of 
soybean were influenced by high day and night temperature 
during flowering and pod set, seed fill and maturation, and 
the entire reproductive period. Locational and/or seasonal 
differences in soybean seed yield may be the result of changes 
in day and night temperature during reproductive growth. The 
duration and stage of reproductive growth may influence the 
extent of changes in the seed yield due to high day and night 
temperatures. Reductions in seed yield were accompanied by 
reductions in photosynthesis in this study. 
Table 1. The main effects of differing day and night 
temperatures during reproductive growth on the yield and yield 
components of soybean. 
Pods Plant 1 - LSD>05 = 8 
Day Temperature Night Temperature 
Growth Staqe 30 35 20 30 
R1-R5 101* 105 99** 108 
R5-R8 94 94 95 93 
R1-R8 103 108 99 112 
Seeds Plant-1 LSD 05 = 19 
Dav Temperature Night Temperature 
Growth Staqe 30 35 20 30 
R1-R5 232* 206 214** 224 
R5-R8 220 214 220 214 
R1-R8 220 203 213 236 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature 
Table 1. continued 
Seeds Pod-1 - LSD.os = 0.07 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 2.31* 1.98 2.19** 2.09 
R5-R8 2.36 2.29 2.33 2.33 
R1-R8 2.32 1.96 2.17 2.11 
Pods Without Seeds - LSD Qj — 2.6 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 2.8* 5.4 3.0** 5.2 
R5-R8 2.5 3.9 3.0 3.4 
R1-R8 2.0 10.3 5.6 6.7 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature 
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Table 1. continued 
Weiaht seed-1 (mq) - LSD 
.05 - 10 
Day Temperature Niqht Temperature 
Growth Staae 30 35 20 30 
R1-R5 189* 174 183** 180 
R5-R8 185 157 176 166 
R1-R8 181 148 173 156 
Seed Weiaht Plant 1 (a) - LSD _ 05 = 3.66 
Day Temperature Niqht Temperature 
Growth Staqe 30 35 20 30 
R1-R5 43.60* 35.59 38.86** 40.33 
R5-R8 40.64 33.52 38.49 36.93 
R1-R8 42.70 30.99 36.78 36.91 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature ★ ★
Table 2. The main effects of differing day and night 
temperatures during reproductive growth on the reproductive 
period duration and seed filling rates of soybeans. 
Reproductive Period Duration (Days) - LSD.05 = 2 
Niqht Temperature 
20 30 Growth Stage 
Dav Temperature 
30 35 
R1-R5 31* 31 30** 31 
R5-R8 32 32 31 34 
R1-R8 33 34 31 35 
Plant Seed Filling Rate (g - dav"‘ plant l) LSD ~ = 0.13 
Dav Temperature Niqht Temperature 
Growth Stage 30 35 20 30 
R1-R5 1.42* 1.15 1.28** 1.28 
R5-R8 1.28 1.06 1.26 1.08 
R1-R8 1.32 0.93 1.19 1.06 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature 
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Table 2. continued 
Individual Seed Filling Rate (mg day 1 seed"1) - LSD 05 = 0.39 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 6.11* 5.56 5.99** 5.68 
R5-R8 5.80 4.91 5.73 4.98 
R1-R8 5.56 4.40 5.56 4.40 
* - Mean value averaged across night temperature 
- Mean value averaged across day temperature ★ ★ 
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Figure 1. Photosynthetic rates of soybean leaves exposed to 
differing day temperatures during (a) flowering and pod set 
(b) seed fill and (c) the entire reproductive period 
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Figure 2. Photosynthetic rates of soybean leaves exposed to 
differing night temperatures during (a) flowering and pod set 
(b) seed fill and (c) the entire reproductive period 
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PAPER 2. INFLUENCE OF DAY AND NIGHT TEMPERATURE DURING 
REPRODUCTIVE GROWTH ON SOYBEAN SEED VIABILITY AND VIGOR 
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ABSTRACT 
Environmental stress during the reproductive growth of 
soybean (Glycine max (L.) Merr.) may reduce seed yield, 
germination, and vigor. Most studies of environment on seed 
germination and vigor have concentrated on the effects of 
drought, maximum day temperature, or average daily temperature 
during seed fill. This study was conducted to determine the 
effect of different combinations of day temperatures (DT) (30 
and 35 °C) and night temperatures (NT) (20 and 30 °C) during 
reproductive growth on soybean seed yield, germination, and 
vigor. Day/night growth temperatures of 30/20, 30/30, 35/20, 
and 35/30 °C were imposed at flowering and pod set (R1-R5), 
seed fill and maturation (R5-R8), and during the entire 
reproductive growth period (R1-R8). An increase in DT during 
R1-R5 decreased seed yield 19%, but did not influence 
germination and vigor of soybean seed. An increase in NT 
during R1-R5 had no effect on the yield, germination, or vigor 
of seed produced. Increased DT during R5-R8 decreased yield 
18%, germination 15%, and vigor 24%. High NT during R5-R8 did 
not affect yield, but decreased germination 12% and vigor 16%. 
Extending the high DT throughout R1-R8 reduced yield 27%, 
germination 18%, and vigor 26%. The increased NT during R1-R8 
had no effect on yield, but decreased the germination 7% and 
vigor 16%. High DT and NT during R1-R8 decreased germination 
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and vigor more than during R5-R8 only. Reductions in 
germination and vigor were highly correlated with reductions 
in seed size. When temperature treatments were applied during 
R5-R8 and R1-R8, germination differences due to increased DT, 
were less than yield differences. In contrast, differences in 
germination due to increased NT during R5-R8 and R1-R8 were 
greater than differences in yield. Differences in seed vigor 
were greater than yield differences when DT was increased 
during R5-R8 and NT was increased during R5-R8 and Rl- R8. 
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INTRODUCTION 
The environmental conditions during the reproductive 
growth of soybeans may cause differences in quality of seed 
used to plant the next season's crop. Green et al. (1965) 
noticed that soybean seed with the highest quality were 
produced on plants from late planting dates in Missouri. One 
exception to this general observation was the production of 
high quality seed on early maturing soybean varieties from 
early planting dates. They attributed good soybean seed 
quality to the presence of optimum weather during maturation 
of the soybean seeds. Soybean plants from early planting 
dates which matured during hot, dry weather produced seed with 
lower laboratory germination and field emergence. Plants of 
early maturing varieties from early planting dates matured 
prior to the hot, dry weather and plants from late plantings 
matured after the unfavorable weather conditions. 
Reduced seed quality was observed when high temperature 
was applied in increasing periods during seed fill (Kiegley 
and Mullen, 1986). When a day/night temperature of 32/28 . C 
was applied from beginning seed fill (R5) (Fehr and Caviness, 
1977) to pod maturity (R8), seed germination was lowered to 
50%. In contrast, average germination was 84% for seed 
produced under 27/22 C for the same period. The percentage of 
small, etched, discolored, and wrinkled seed was higher for 
the higher temperature. Dornbos and Mullen (1991) observed a 
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12 percentage point reduction in germination and an 11-21% 
reduction in seedling axis dry weight due to a temperature of 
35 °C as compared with 29 °C during seed filling of soybeans. 
Soybean seeds developed under high air temperature stress 
(Dornbos and Mullen, 1991) and water-stress (Hill et al., 1986 
b; Dornbos and Mullen, 1991) had higher percentages of hard 
seed. The effect of high air temperature was greater than the 
effect of water stress (Dornbos and Mullen, 1991) The high 
percentage of hard seed was associated with a reduction in 
seed size (Hill et al., 1986b; Dornbos and Mullen, 1991, 
Vieira et al., 1992). Hill et al. (1986 a) also found that 
the small seed within a soybean line with high percentages of 
hard seed exhibited the hard-seeded trait more frequently than 
large seed. Potts et al. (1978) suggested that hard 
seededness may maintain seed viability in the field when 
moisture was limiting for germination, to resistance to 
moisture readsorption of seed on unharvested plants, and to 
greater storage potential. 
Hill et al. (1986 b) reported that higher percentages of 
hard seed associated with water-stressed plants was negatively 
correlated with the incidence of ruptured seed coats. The 
incidence of seed coat rupture was positively correlated with 
seed weight, volume, and width. They concluded that ruptured 
seed coats were caused by cotyledons expansion against the 
seed coat and that high soil moisture during seed fill causes 
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a disruption in seed-coat integrity. In contrast, Burchett et 
al. (1985) found that supplemental irrigation did not increase 
the incidence of seed-coat rupture. They did, however, 
observe lower germination in seedlots with high amounts of 
seed coat rupture and found that seeds with ruptured seed 
coats were more susceptible to damage when dropped from low 
heights. 
Many factors can influence soybean seed quality, 
including genotype, disease, environment and location. 
Studies on the effect of temperature on seed quality of 
soybeans have concentrated on high day or high mean 
temperatures during seed fill. It may be possible that 
different day/night temperatures during reproductive growth 
can influence soybean seed quality. This study was conducted 
to determine the effect of combinations of day and night 
temperature during flowering and pod set (Rl- R5), seed fill 
and maturation (R5-R8), and during the entire reproductive 
period (R1-R8) on soybean seed quality. 
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MATERIALS AND METHODS 
Soybean seeds of the determinate cultivar Gnome 85 
(Maturity Group II) were planted in a greenhouse at Iowa State 
University, Ames, Iowa on 30 Sept, and 30 Dec, 1990, and 26 
Apr. and 9 Aug 1991. Four seeds were planted in each of 80 
plastic pots ( 11.3-L volume) that contained equal parts of 
soil (silt loam), peat, and perlite. The population was 
thinned to one plant per pot when two trifoliolate leaves had 
unfolded (V2, Fehr and Caviness, 1977). The plants were 
fertilized weekly with 3.5 L of Peters Professional 20-20-20 
soluble fertilizer at 225 ppm using a Dos-matic injector. 
High-intensity sodium lights were used to supplement natural 
sunlight and maintain a 15 h photoperiod. 
Plants were transferred to Conviron model PGW 36 growth 
chambers at flowering (Rl). Eighteen pots were placed in each 
of four growth chambers. Each chamber was set to one of four 
day/night temperature regimes: 35/30, 35/20, 30/30, and 30/20 
°C. The day/night temperature change occurred gradually over 
a two-hour period. When plants from all treatments reached 
beginning seed fill (R5) , four plants from each of the 35/30, 
35/20, and 30/30 temperature regimes were switched with four 
plants in the 30/20 temperature regime. This allowed for the 
study of the effects of temperature during flowering and pod 
formation, during seed filling and maturation, and during the 
entire reproductive growth stage. 
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The plants were watered and fertilized to prevent water 
stress or nutrient deficiency. Plants were fertilized twice a 
week in the growth chambers until first brown pod (R7) with 
the same type and amount of liquid fertilizer used during 
greenhouse growth. 
The initial photoperiod was 14 hours in the growth 
chambers and was subsequently decreased by one hour when 
treatments reached beginning seed fill (R5) and again at 2 
weeks after beginning seedfill. The temperature in each 
chamber was turned to 20/20 °C day/night when half of the 
plants in that chamber had reached harvest maturity (R8). 
Plants were hand harvested and the number of etched seeds 
plant-1 were counted approximately ten to twenty days following 
R8. Seeds were considered etched if they had a split in their 
outer seed coat. 
The standard germination test was conducted using rolled 
towels as described in the Rules for Testing Seeds (ASOA, 
1988) . Seeds randomly chosen from each treatment were rolled 
in moistened towels in four replicates of 25 seed. All seeds 
were hand-scarified with a razor blade to avoid the 
confounding effects of hardseed. The towels were placed 
upright in a dark germination room that was maintained at a 
constant 25 °C for 7 d. The number of normal and abnormal 
seedlings and dead seeds were counted at the conclusion of the 
germination period. The germination percentages (percent 
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normal seedlings) of the four rolled towels from each 
treatment were averaged. 
Seedling growth rate was used to measure seed vigor 
according to the Vigor Testing Handbook (ASOA, 1983). Seeds 
from each treatment, in four replicates of 25 seeds each, were 
placed in two rows 5 and 9 cm from the top margin of the 
moistened towel with the radicle end oriented downward. 
Towels were rolled and placed upright in a dark germination 
room at a constant 25 °C. After 7 d, the normal seedlings 
were counted and their cotyledons were excised. The seedling 
axes were dried in a forced-air oven for 24 h at 70 °C and 
weighed. 
The electrical conductivity of the leachate from 100 
seeds, each soaked in 4.2 ml of deionized water for 24 h at 25 
°C, was measured using a conductivity bridge. Seed moisture 
content was elevated to 15% before soaking. Seeds with low 
electrical conductivity readings that did not imbibe water 
were considered hardseed. 
The experiment included four replications blocked in 
time. 
The experiment included four replications in time. 
The experiment was statistically analyzed as a randomized 
block design with 10 treatments using the Analysis of Variance 
procedure. Contrasts were made between temperatures within 
growth stages. The 30/20 °C treatment was used as a control 
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and was included in the contrasts for each growth stage. 
Least significant differences were determined at the P>F = .05 
level and are given in the tables as an indication of 
variance. 
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RESULTS AND DISCUSSION 
Yield Response to DT and NT During Reproductive Growth 
Total seed weight plant-1 was significantly decreased by 
the high day temperature (DT) applied during flowering and pod 
set (R1-R5), seed fill and maturation (R5-R8), and during the 
entire reproductive growth period (R1-R8) (Table 1), when 
averaged across NT treatments. Average reductions in the 
total seed weight plant-1 due to the high DT of 35 °C were 19% 
during flowering and pod set, 18% during seed fill and 
maturation, and 27% during the whole reproductive period. 
There were no significant effects of night temperatures (NT) 
or DT and NT interactions on seed weight plant-1. 
High DT decreased seeds plant-1 11% when applied during 
Rl- R5 or R1-R8. High NT of 30 °C during R1-R8 increased 
seeds plant-1 10% as compared with 20 °C NT. The higher NT 
during flowering and pod set did not significantly affect 
seeds plant- l. DT and NT treatments during R5-R8 had no 
effect on seeds plant-1. There were no significant 
interactions of DT and NT treatments on seeds plant-1. 
Seed size based on weight seed-1 was significantly 
affected by DT in each of the three growth stage treatments 
regardless of night temperature. An increase in DT from 30 to 
35 °C decreased weight seed-1 more dramatically than did an 
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increase in NT from 20 to 30 °C for each of the growth stage 
treatments. The high DT decreased weight seed-1 8%, 15%, and 
22% when applied during R1-R5, R5-R8, and R1-R8, respectively. 
The higher NT decreased the weight seed-1 6% and 10% when 
applied during R5-R8 and Rl- R8, respectively. Night 
temperature treatments during R1-R5 did not significantly 
influence weight seed-1. 
Reduced seed yield due to high DT during flowering and 
pod set and the entire reproductive period were caused by a 
reduction in seeds plant-1 and a reduction in weight seed-1. 
Yield reductions due to high DT during seed fill and 
maturation were the result of a reduction in weight seed-1. NT 
treatments during any of the growth stage treatments did not 
significantly effect the final seed yield plant-1, although it 
did effect the yield components. Thus, reductions in one of 
the yield components that determined total seed weight plant-1 
due to high NT were offset by an adjustment in the other yield 
component. 
Hardseededness and Seed Coat Etching Response to DT and NT 
During Reproductive Growth 
The amount of hard seed was significantly increased only 
when high DT occurred during the entire R1-R8 period (Table 
2). The high DT increased hard seed from 0 % to 8.2%. NT did 
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not affect the amount of hard seed and no significant 
interactions of DT and NT treatments were observed. 
Dornbos and Mullen (1991) reported a higher percentage of 
hard seed due to high average air temperature during seed fill 
(R5-R8). The results of the present study suggest that day 
temperature and its duration were more important than night 
temperature in determining the percentage hard seed. A high 
percentage of hard seed has been associated with a reduction 
in seed size (Hill et al., 1986b; Dornbos and Mullen, 1991; 
Vieira et al., 1992). The increase in hard seed in this study 
was also observed in the treatments that resulted in the 
smallest seed weights. 
Fewer seed with etched seed coats were observed in higher 
DT in each of the growth stages tested in this study (Table 
2). On average, the amount of etched seed decreased from 79.0 
% to 56.9 % in the R1-R5 treatment, 82.0 % to 40.9% in the 
R5-R8 treatment, and 85.8 % to 43.3 % in the R1-R8 treatment. 
In contrast to DT response, more seed with etched seed coats 
were observed in the higher NT (Table 2). When NT treatments 
were applied during R5-R8, the high NT increased etched seed 
from 53.2 to 69.7%. When applied during the R1-R8 period, the 
high NT increased etched seed from 49.0% to 80.1 %. Night 
temperature treatments applied during R1-R5 did not influence 
the amount of etched seed. An increase in DT from 30 to 35 °C 
resulted in a 22.1 to 42.5 percentage point decrease in the 
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amount of seed with etched coats compared with a 16.5 to 31.1 
percentage point increase observed as NT increased from 20 to 
30 °C. There were no significant interactions of DT and NT on 
the amount of etched seed. 
The incidence of seed coat etching has been positively 
correlated with seed weight, volume, and width (Hill et al., 
1986b). In the current study, increases in DT during R1-R5, 
R5-R8, and R1-R8 decreased seed coat etching and weight seed-1. 
In contrast, increases in NT during R5-R8 and R1-R8 increased 
the amount of etched seed, but decreased the seed weight. 
Since volume and width of the seed were not measured in this 
study, it is not known if volume and width were important in 
determining the amount of etched seed. 
Seed with a large percentage of etched seed coats have 
been associated with lower germination and higher 
susceptibility to damage when dropped from low heights 
(Burchett et al., 1985). Hill et al. (1986b) found that the 
higher percentage of hard seed in water-stressed treatments 
was negatively correlated with the incidence of etched seed 
coats. A negative correlation was also seen in this study 
(Figure 1). But, in contradiction to the findings of Burchett 
et al. (1985), a large percentage of seed coat etching did not 
significantly correlate with low germination (data not shown). 
The seed in this study was hand harvested, which may have 
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prevented reductions in germination from mechanical damage of 
the etched seeds. 
Germination and Vigor Response to DT and NT 
During Reproductive Growth 
Day or night temperature during R1-R5 did not influence 
the germination percentage of soybean seed produced (Table 3). 
Germination percentage was significantly decreased by high DT 
applied during the R5-R8 and R1-R8 periods and high NT applied 
during the R5-R8 period. When averaged across NT, the 
increase in DT from 30 to 35 °C during R5-R8 and R1-R8 
decreased germination 13 and 17.1 percentage points, 
respectively. An increase in NT from 20 to 30 °C during 
R5-R8, when averaged across DT, decreased germination 12 
percentage points. High NT during R1-R8 decreased germination 
6.3 percentage points, which was significant only at the P<.10 
level. The reductions in germination from high DT and high NT 
when applied during R5-R8 were similar. However, when 
temperature treatments were applied during the R1-R8 growth 
period, the increase in DT decreased germination substantially 
more than did the increase in NT. 
Kiegley and Mullen (1986) reported a decrease in 
germination from 84 % to 50 % when temperature was raised from 
27/22 to 32/28 °C during seed fill and maturation. Dornbos 
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and Mullen (1991) observed a 12 percentage point reduction in 
germination due to a high temperature of 35 °C as compared to 
29 °C during seed fill. Similarly, the reductions in 
germination in this study due to an increase in DT from 30 to 
35 °C during R5-R8 and R1-R8 and NT from 20 to 30 °C during 
R5-R8 decreased germination 12 to 17 percentage points. 
The response and amount of abnormal seedlings and dead 
seeds for any one treatment were similar (Table 3). DT or NT 
significantly increased the amount of abnormal and dead seed 
only when imposed during R5-R8 and R1-R8. The higher DT or NT 
resulted in an increase level of abnormal and dead from less 
than 1% observed for the lower temperature to greater than 7% 
observed for the higher temperature. These data suggest that 
there may be a progressive deteriorative response to high 
temperature imposed during seed fill from high quality seed 
that produce normal seedlings to dead seeds. 
The interaction of DT and NT was significant for the 
percent germination and percent abnormals only when treatments 
were imposed during R5-R8. These interactions were caused by 
a larger reduction in germination and increase in abnormals in 
the 35/30 °C treatment than in 35/20 and 30/30 ° (data not 
shown). The 35/30 °C treatment decreased germination from 
99.3 to 74.3 and increased the percent abnormals from 0.5 to 
12.0% when compared with 30/20 °C. Germination was decreased 
only 5.5 and 4.5 percentage points by 35/20 and 30/30 °C, 
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respectively, when compared with 30/20 °C. The percent 
abnormals was increased only 3.5 and 2.3 percentage points by 
35/20 and 30/30 °C, respectively, when compared with 30/20 °C. 
The nature of this interaction suggests that higher DT and NT 
are needed for detrimental effects to be seen in germination 
when imposed during R5-R8 when compared with R1-R8. 
Temperature applied only during R1-R5 had no effect on 
seed vigor as measured by seedling axis dry weight (SADW) and 
electrical conductivity (EC) of seed leachate (Table 4). High 
DT during R5-R8 decreased SADW 24% and increased EC 24%. 
Similar reductions in SADW were observed for high DT during 
R1-R8. High NT during R5-R8 decreased SADW 16% and increased 
EC 19%. High NT during the R1-R8 period decreased the SADW 
16% and increased EC 30%. An increase in day temperature from 
30 to 35 °C decreased SADW and increased EC more substantially 
than did an increase in NT from 20 to 30 °C with the exception 
of EC during R1-R8. The interaction of DT and NT was 
significant for SADW during R1-R8 (data not shown). This 
interaction can be explained by the large reduction in SADW 
for 35/20 °C. When DT was increased from 30 to 35 °C, SADW 
was reduced from 37.8 to 25.5 mg (33%) at 20 °C and from 29.2 
to 24.1 mg (17%) at 30 °C. When NT was increased from 20 to 
30 °C, SADW was reduced from 37.8 to 29.2 mg (23%) at 30 °C 
and from 25.5 to 24.1 mg (5%) at 35 °C. 
Dornbos and Mullen (1991) observed a 11-21% reduction in 
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SADW and a 12 percentage point reduction in germination due to 
a high temperature of 35 as compared to 29 °C during seed fill 
of soybean. They concluded that seed vigor can be reduced by 
as much or more than the germination percentage by stress 
during seed fill. This was also true for this study. High DT 
decreased soybean seed germination 11-18% and SADW 24-26% when 
applied during seed fill and maturation and during the entire 
reproductive period. High NT decreased germination 7-12% and 
SADW 16% when applied during seed fill and maturation and the 
entire reproductive period. 
Differences in both day and night temperature 
significantly affected seed quality when applied during seed 
fill and maturation and the entire reproductive period. A 
combination of high DT and high NT was even more detrimental 
than either alone and resulted in the most severe reductions 
in seed quality in the 35/30 °C temperature treatment. When 
compared to the treatment with the highest seed quality (30/20 
°C), 35/30 °C decreased germination 26% and SADW 36% when 
applied during seed fill and maturation and decreased 
germination 24% and SADW 36% when applied during the entire 
reproductive period. When compared with 30/20 °C, 35/20 °C 
decreased germination 6% and SADW 24% during seed fill and 
maturation and decreased germination 15% and SADW 33% when 
applied over the entire reproductive period. A temperature of 
30/30 °C decreased germination 5% and SADW 15% when applied 
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during seed fill and maturation and decreased germination 4% 
and SADW 23% during the entire reproductive period when 
compared to 30/20 °C. 
Reductions in seed germination and vigor were associated 
with a decrease in average seed size (Figure 2). A decrease 
in the average weight of low germinating and low vigor seed 
due to environmental stress has also been observed by Dornbos 
and Mullen (1991). They concluded that when the plant can no 
longer reduce seed number the average weight of the seed is 
reduced and significant reductions in germination and vigor 
may occur. The current study suggests that the number of 
seeds plant-1 was, at least partially, predetermined before the 
seed fill period (Table 1) and that stress reduced the 
remaining seed yield component of seed size. Vieira et al. 
(1992) found that standard germination was not influenced or 
actually increased by drought stress during R5-R7 although 
seed size was reduced 14 to 22%. A reduction in seed size due 
to an increase in DT or NT during seed fill may be related to 
but may not be a requirement for reductions in seed 
germination and vigor. Further work is needed to determine 
the biochemical effects of temperature on soybean seed 
germination and vigor. 
Seed germination and vigor were affected less by drought 
than yield in soybeans (Yaklich, 1984; Dornbos et al., 1989). 
This was not true for the temperature treatments of this 
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study. There were significant reductions in germination and 
vigor of seed but no significant reductions in seed weight 
plant-1 due to high NT during seed fill and maturation and the 
entire reproductive period. Differences in germination due to 
high DT during seed fill and maturation were less than 
differences in seed yield and differences in seed vigor during 
seed fill and maturation were larger than differences in seed 
yield. High DT during the whole reproductive growth affected 
germination less than and seed vigor similarly to seed yield. 
SUMMARY 
Day temperature, night temperature, and the stage of 
reproductive growth were all important in determining the 
yield, germination, and vigor of the soybean seed produced. 
Changes in DT or NT during flowering and pod set influenced 
the seed yield and yield components of soybean, but did not 
affect seed germination or vigor. Increases in day 
temperature or night temperature during seed fill and 
maturation and the entire reproductive period decreased seed 
yield, germination, and vigor of seed produced. In this 
study, day temperature was generally more important in 
influencing seed weight, germination, and seed vigor than 
night temperature with the exception that reductions in 
germination were similar for increases in day or night 
temperature when applied during seed fill and maturation. 
High day or night temperature applied during the entire 
reproductive period reduced seed yield vigor more than during 
seed fill and maturation alone. This was not true for 
germination percentage and seed vigor which were reduced 
similarly by increases in day or night temperature during seed 
fill and maturation and the entire reproductive period. Seed 
vigor was reduced more than germination by stressful 
temperatures. Yield reductions due to the high DT and high NT 
in this study were generally not greater than reductions in 
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seed germination and vigor as has been reported for drought 
stress in soybeans. There were significant reductions in 
germination and vigor but no reductions in yield due to high 
night temperature during seed fill and maturation and the 
entire reproductive period. High day temperature during seed 
fill and maturation and during the entire reproductive period 
decreased SADW, but not germination, as much or more than 
yield. 
Results indicate that high growth temperature during 
reproductive growth of soybeans reduced soybean seed 
germination and vigor, in this study. Locational and/or 
seasonal differences in soybean seed germination and vigor may 
be the result of differences in day and night temperature. 
The duration and stage of reproductive growth may also 
influence the extent of reductions in seed germination due to 
high temperature. 
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Table 1. The main effects of differing day and night 
temperatures during reproductive growth on the seeds plant-1, 
weight seed-1, and weight plant-1. 
Weight Plant 1 (g) - LSD<05 = 3.66 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 43.60* 35.59 38.86** 40.33 
R5-R8 40.64 33.52 38.49 36.93 
R1-R8 42.70 30.99 36.78 36.91 
Seeds Plant 1 LSD_05 - 18.9 
Dav Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 232* 206 214** 224 
R5-R8 220 214 220 214 
R1-R8 220 203 213 236 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature 
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Table 1. continued 
Weight seed 1 (mg) - LSD_05 = 10 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 189* 174 183** 180 
R5-R8 185 157 176 166 
R1-R8 181 148 173 156 
* - Mean value averaged across night temperature 
- Mean value averaged across day temperature * * 
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Table 2. The main effects of differing day and night 
temperatures during reproductive growth on etched and hard 
seed. 
Hard seed (%) - 
Growth Stage 
LSD Qj — 5.8 
Dav Temperature 
30 35 
Night 
20 
Temperature 
30 
R1-R5 0.0* 0.8 0.2** 0.7 
R5-R8 0.3 4 . 9 0.4 4.8 
R1-R8 0.0 8.2 6.4 1.8 
Etched seed (%) LSD = 13.5 
Dav Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 79.0* 56.9 62.6** 73.3 
R5-R8 82.0 40.9 53.2 69.7 
R1-R8 85.8 43.3 49.0 80.1 
* - Mean value averaged across night temperature 
- Mean value averaged across day temperature ★ * 
Table 3. The main effects of differing day and night 
temperatures during reproductive growth on germination, 
abnormal seedlings, and dead seeds 
Germination (%) - 
Growth Staqe 
LSD Q5 — 7.6 
Dav Temperature 
30 35 
Niqht Temperature 
20 30 
R1-R5 99.1* 99.3 99.3** 99.1 
R5-R8 97.1 84.1 96.6 84.6 
R1-R8 97.3 80.2 91.9 85.6 
Abnormal seedlinqs 
_iil - LSD.05 = = 2.4 
Dav Temperature Niqht Temperature 
Growth Staqe 30 35 20 30 
R1-R5 0.9* 0.7 0.7** 0.9 
R5-R8 1.7 8.0 2.3 7.4 
R1-R8 2.0 8.9 3.5 7.4 
* - Mean value > averaged across night temperature 
** - Mean value > averaged across day temperature 
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Table 3. continued 
Dead Seeds (%) - LSD>05 = 6.3 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 0.2* 0.2 0.2** 0.2 
R5-R8 1.4 8.0 1.4 8.0 
R1-R8 0.8 11.0 4.7 7.2 
* - Mean value averaged across night temperature 
** - Mean value averaged across day temperature 
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Table 4. The main effects of differing day and night 
temperatures during reproductive growth on seedling axis dry 
weight/ and electrical conductivity 
Seedling Axis Dry Weight (mg) - LSD-05 = 2.0 
Day Temperature Night Temperature 
Growth Staqe 30 35 20 30 
R1-R5 37.2* 35.5 36.4** 36.3 
R5-R8 35.0 26.6 33.4 28.2 
R1-R8 33.5 24.8 31.7 26.7 
Electrical Conductivity U amps g 1 - LSD.os = 39 
Dav Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 296* 313 308** 301 
R5-R8 336 445 349 432 
R1-R8 355 476 342 489 
* - Mean value averaged across night temperature 
- Mean value averaged across day temperature ★ ★ 
113 
Figure 1. The relationship between the percentage hard see< 
and the percentage etched seed of soybean seed exposed to 
differing day and night temperatures during reproductive 
growth ** Significant at .05 level. 
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Figure 2. The relationship between seed weight and 
germination percentage, seedling axis dry weight (SADW), 
electrical conductivity of seed leachate of soybean seed 
exposed to differing day and night temperatures during 
reproductive growth *** Significant at .01 level. 
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PAPER 3. INFLUENCE OF DAY AND NIGHT TEMPERATURE DURING 
REPRODUCTIVE GROWTH ON SOYBEAN SEED OIL, PROTEIN, AND 
FATTY ACID COMPOSITION 
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ABSTRACT 
Temperature during soybean (Glycine max (L.) Merr.) seed 
fill can influence the chemical composition of the seed 
produced. Most studies have concentrated on day temperatures 
or concomitant changes in day/night temperature during seed 
fill on soybean seed composition. The effect of night 
temperature in comparison to day temperature on soybean seed 
oil, protein, and fatty acid content has not been thoroughly 
studied. This study was conducted to determine the effects of 
high day (DT) and high night (NT) temperatures during 
flowering and pod set (R1-R5), seed fill and maturation (R5- 
R8), and continually during the reproductive period (R1-R8) on 
soybean seed oil, protein, and fatty acid composition. Growth 
temperatures of 30/20, 30/30, 35/20, and 35/30 day/night °C 
were imposed at the three growth periods of soybean cultivar 
Gnome 85 in growth chambers. Changes in palmitic and stearic 
acid due to the temperature treatments were small and 
inconsistent. Increased DT, when applied during R5-R8 and Rl- 
R8 and averaged across NT, increased oleic acid and decreased 
linoleic and linolenic acid. Increases in night temperature 
during R5-R8 and at 30 °C DT during R1-R8 resulted in 
decreased oleic acid and increased linoleic acid. Only when 
NT was maintained at 35 °C during R1-R8 was an increase in 
oleic acid and a decrease in linoleic and linolenic acid 
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observed. The temperature treatments had little effect on the 
fatty acids when applied during R1-R5. Changes in the fatty 
acid profile of soybeans were generally greater when 
temperature treatments were applied during the entire 
reproductive period rather than flowering and pod set or seed 
fill and maturation periods alone. 
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INTRODUCTION 
Oil and protein are the two most commercially important 
constituents of the soybean seed and together make up 
approximately 60 to 65 percent of the dry matter of the seed. 
The mature soybean seed contained approximately 42% protein 
(Bils and Howell, 1963) and 22% oil (Bils and Howell, 1963; 
Lopez-Andreu, 1985). 
Seed protein and oil composition are affected by 
environment during seed development. The protein content of 
soybeans processed in southern locations was higher than that 
of soybeans processed in northern locations (Breene et al., 
1988). 
High mean temperatures are correlated with high oil 
content (Howell and Cartter, 1953; Weiss et al., 1952; Wolf et 
al., 1982). Howell and Cartter (1958) found that oil content 
averaged 23.2, 20.8, and 19.5% when day temperatures during 
the seed-filling stage were 29.4, 25, and 21.1 °C, 
respectively. A day temperature of 29.4 °C for one week 
during seed-filling increased oil content from 19.5 to 22%. 
Wolf et al. (1982) found that a day/night temperature of 33/28 
°C increased protein and oil content in soybean seed above 
that of seed grown in 18/13, 24/19, or 27/22 °C. Day 
temperatures during 20 to 40 days before maturity had a 
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greater affect on oil content that at any other time of seed 
development (Howell and Cartter, 1953) . 
Protein content in mature soybean seed is inversely 
correlated with sugars and oil content (Cartter and Hopper, 
1942; Krober and Cartter, 1962; Weiss et al., 1952). Dornbos 
and Mullen (1992) suggested a curvilinear relationship between 
protein, oil, and air temperature during seed fill of soybean. 
They reported that protein content of soybean seed declined 
between air temperatures of 21 and 27 °C, then increased as 
temperature increased to 35 °C. Whereas, oil content 
increased between air temperatures of 21 and 29 °C and then 
decreased. 
The fatty acid composition of soybean oil is influenced 
by environment during seed development. In eight environments 
in North Carolina, Mississippi, and Puerto Rico, temperature 
was considered to be the most influential environmental 
variable in determining soybean oil fatty acid composition 
(Carver et al., 1986). Cherry et al. (1985) observed that 
soybean seeds produced in the southern U.S. were lower in 
linolenic acid and higher in oleic acid than seeds produced in 
northern states. 
Warmer environments are associated with higher 
percentages of oleic acid (Carver et al., 1986; Rennie and 
Tanner, 1989; Dornbos and Mullen, 1992) and lower percentages 
of linoleic and linolenic acids (Cartter and Hopper, 1942; 
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Howell and Collins, 1957; Howell and Cartter, 1958; Wolf et 
al., 1982; Rennie and Tanner, 1989). Howell and Collins 
(1957) noted that night temperature affects the linoleic and 
linolenic acid content of soybean oil less than day 
temperature, based on a limited amount of seed material. The 
day temperature for the soybean growth periods 45 to 31 days 
before maturity and 30 to 11 days before maturity were equally 
important in determining linolenic acid composition. Whereas, 
the day temperature during the growth period 30 to 11 days 
before maturity was most closely related to linoleic acid 
composition (Howell and Collins, 1957). Palmitic and stearic 
acid content of soybean oil was unchanged by temperature (Wolf 
et al., 1982). 
It is generally well established that soybean seed 
protein, oil, and fatty acid content can vary among 
geographical regions and are influenced by growth temperature. 
However, the contribution of night temperature in comparison 
to day temperature on soybean seed composition has not been 
thoroughly studied. The objective of this study was to 
determine the effect of different day and night temperature 
combinations during flowering and pod set, seed fill and 
maturation, and the entire reproductive period on soybean seed 
protein, oil, and fatty acid composition. 
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MATERIALS AND METHODS 
Soybean seeds of the determinate cultivar Gnome 85 
(Maturity Group II) were planted in a greenhouse at Iowa State 
University, Ames, Iowa on 30 Sept, and 30 Dec, 1990, and 26 
Apr. and 9 Aug 1991. Four seeds were planted in each of 80 
plastic pots ( 11.3-L volume) that contained equal parts of 
soil (silt loam), peat, and perlite. The population was 
thinned to one plant per pot when two trifoliolate leaves had 
unfolded (V2, Fehr and Caviness, 1977). The plants were 
fertilized weekly with 3.5 L of Peters Professional 20-20-20 
fertilizer at 225 ppm using a Dos-matic injector. High- 
intensity sodium lights were used to supplement natural 
sunlight and maintain a 15 h photoperiod. 
Plants were transferred to Conviron model PGW 36 growth 
chambers at flowering (Rl). Eighteen pots were placed in each 
of four growth chambers. Each chamber was set to one of four 
day/night temperature regimes: 35/30, 35/20, 30/30, and 30/20 
°C. The day/night temperature change occurred gradually over 
a two-hour period. When plants from all treatments reached 
beginning seed fill (R5) , four plants from each of the 35/30, 
35/20, and 30/30 temperature regimes were switched with four 
plants in the 30/20 temperature regime. This allowed the 
study of temperature effects during flowering and pod 
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formation (R1-R5), during seed filling and maturation (R5-R8), 
and during the entire reproductive growth stage (R1-R8). 
The plants were watered and fertilized in a manner to 
prevent water stress or nutrient deficiency. Plants were 
fertilized twice a week in the growth chambers until first 
brown pod (R7) with the same type and amount of liquid 
fertilizer used during greenhouse growth. The experiment 
included four replications blocked in time. 
The initial photoperiod was 14 hours in the growth 
chambers and was subsequently decreased by one hour when 
treatments reached beginning seed fill (R5) and again at 2 
weeks after beginning seed fill. The temperature in each 
chamber was adjusted to 20/20 °C day/night when half of the 
plants in that chamber had reached harvest maturity (R8). 
Plants were hand harvested approximately ten to twenty days 
following R8. 
Fifteen-gram samples were randomly taken from each of the 
bulked seedlots for protein and oil analysis. The seed 
material was ground and protein and oil content were analyzed 
by near-infrared reflectance spectroscopy at the Iowa State 
University grain quality lab, Ames, la. 
Fatty acid composition of the seed oil was determined on 
three, 5-seed samples from each treatment by gas 
chromatography. Seed samples for fatty acid analysis were 
crushed with a hydraulic press at 8.5 * 104 pascals seed-1. 
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The total oil was extracted by soaking the crushed seed 
material in 1.5 mL of distilled hexane for 24 h. Fatty acid 
methyl esters were prepared by addition of 0.5 mL of 1 N 
sodium methoxide in methanol to 0.1 mL of the oil-hexane 
extract. The vials containing the transesterification 
reaction were shaken every 5 min of the 30-min reaction time. 
The reaction was stopped by the addition of 0.15 mL of 
distilled water after which 1 mL of distilled hexane was 
added. Approximately 1.5 mg of fatty acid esters in hexane 
were injected into a Hewlett Packard (Avondale, PA) 5890 gas 
chromatograph equipped with two 15 m Durabond-23 (J & S 
Scientific, Deerfield, IL.) capillary columns. The columns 
had a 0.25 mm inside diameter and a film thickness of 0.25 |im. 
Helium was used as the carrier gas at approximately 100 mL 
min-1. Fatty acids were detected by flame ionization. The 
oven temperature was maintained at approximately 200 °C. A 
Hewlett Packard computer was used to control injection and 
convert peak areas into percentages of palmitic, stearic, 
oleic, linoleic, and linolenic acids. 
The experiment included four replications in time. 
The experiment was statistically analyzed as a randomized 
block design with 10 treatments using the Analysis of Variance 
procedure. Contrasts were made between temperatures within 
growth stages. The 30/20 °C treatment was used as a control 
and was included in the contrasts for each growth stage. 
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Least significant differences were determined at the P>F = .05 
level and are given in the tables as an indication of 
variance. 
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RESULTS AND DISCUSSION 
Response of Oil and Protein Content to DT and NT 
During Reproductive Growth 
An increase in day temperature (DT) from 30 to 35 °C 
during flowering and pod set (R1-R5) and seed fill and 
maturation (R5-R8), when averaged across night temperatures 
(NT), had no significant effect on the oil and protein content 
of the soybean seed produced (Table 1). The increase in DT 
during the entire reproductive period (R1-R8) increased the 
protein content 1.4 percentage points, but had no effect on 
the oil content of the seed produced. 
An increase in NT from 20 to 30 °C during R1-R5, when 
averaged across DT, had no effect on the protein and oil 
content of seed produced. The increase in NT during R5-R8 
increased the protein content 1.5 percentage points and 
decreased the oil content 1.2 percentage points. The.increase 
in NT during R1-R8 increased the protein content 2.4 
percentage points and decreased the oil content of the seed 
1.2 percentage points. There was a significant interaction of 
DT and NT on the protein content when temperature treatments 
were applied during R1-R8. This interaction was due to a low 
amount of protein in the 30/20 °C when compared with the other 
three temperature treatments. The protein content was 
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increased 3.2, 2.2, and 3.7 percentage points when temperature 
was raised from 30/20 °C to 30/30, 35/20, and 35/30 °C, 
respectively. 
Several studies have observed a positive correlation 
between high mean temperature and high oil content (Howell and 
Cartter, 1953; Howell and Cartter, 1958; Weiss et al. 1952; 
Wolf et al., 1982). In the current study, an increase in DT 
during R5-R8 and R1-R8 from 30 to 35 °C did not affect the oil 
content of soybean seed and an increase in NT from 20 to 30 °C 
during R5-R8 and R1-R8 decreased the oil content. When the DT 
and NT combinations are converted to mean daily temperatures, 
a decline in oil content is seen as mean temperature increases 
during R5-R8 (Figure 1) and R1-R8 (Figure 2). Previous 
studies have shown an increase in oil content as mean 
temperature was increased from 15.5 to 24.5 °C (Howell and 
Cartter, 1958; Wolf et al., 1982). Mullen and Dornbos (1992) 
reported a decrease in oil content of soybeans as day 
temperature was increased from 29 to 35 °C and suggested a 
curvilinear response of oil content to an increase in day 
temperature with an increase in oil content from 21 to 29 °C 
and a decrease from 30 to 35 °C. The data in the current 
study agrees with the observation that oil content in soybean 
seed decreases at high air temperatures. This decline in oil 
content was best explained by changes in night temperature and 
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mean temperature during seed fill and maturation and the 
entire reproductive period. 
Protein content increased as mean temperatures increased 
from 25 (30/20 °C) to 30 °C (30/30 °C) and then stabilized 
from 30 to 32.5 °C (35/30 °C) when applied during R5-R8 
(Figure 1). When treatments were applied during R1-R8 the 
protein content increased when mean temperature was increased 
from 25 °C to 32.5 °C (Figure 2). In previous work, mean 
temperatures from 15.5 to 24.5 °C did not affect the protein 
content of soybean seed (Howell and Cartter, 1958; Wolf et 
al., 1982). However, Wolf et al. (1982) found that an 
increase in mean temperature from 24.5 to 30.5 °C increased 
soybean protein content 7-8 percentage points. Breene et al. 
(1988) found the protein content of soybeans processed in 
southern locations was higher than that of soybeans processed 
in northern locations. In the present study, when mean 
temperatures were increased from 25 to 32.5 °C during seed 
fill and maturation, a 2 percentage point increase in protein 
content was observed. When this increase in temperature was 
applied during the entire reproductive period a 3.7 percentage 
point increase was observed. These findings, when combined 
with the earlier studies, suggest that protein content is 
affected very little by mean temperatures between 15 and 25 
°C, but increases as mean temperature increases from 25 to 
32.5 °C. This agrees with Dornbos and Mullen (1992) who 
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suggested a curvilinear response of protein content to day 
temperature during seed fill with a decline in protein between 
day temperatures of 21 and 27 °C and an increase in protein 
from 28 to 35 °C. In their study, night temperatures were 
constant among day temperature treatments. The current study 
suggests that night temperatures and mean temperatures are 
important in determining protein content of soybean seed. 
Protein and oil content were significantly and inversely 
correlated (Figure 3). This is in agreement with several 
earlier studies (Cartter and Hopper, 1942/ Krober and Cartter, 
1962; Weiss et al., 1952). 
Fatty Acid Response to DT and NT During 
Reproductive Growth 
The increase in DT and NT during R1-R5 decreased the 
palmitic acid content of seed 0.3 and 0.6 percentage points 
respectively (Table 2), but increased the palmitic acid 
content 0.5 and 0.2 percentage points, respectively, when 
applied during R5-R8. The interaction of DT and NT was 
significant for palmitic acid content when treatments were 
applied during R5-R8. This interaction was caused by a higher 
amount of palmitic acid in the 35/30 °C when compared with the 
other three temperature treatments. The increase in DT 
applied R1-R8 did not affect palmitic acid content, but the 
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increase in NT decreased palmitic acid 0.2 percentage points. 
Because the increases in DT and NT decreased the palmitic acid 
content during R1-R5 and increased it during R5-R8, increases 
in DT and NT during R1-R8 may have lead to no or very small 
overall changes in palmitic acid content due to temperature 
treatments. 
The DT and NT treatments did not affect stearic acid 
content of soybean seed produced when applied during R1-R5 
(Table 2). Stearic acid content was increased 0.3 percentage 
points by an increase in DT applied during R5-R8, when 
averaged across NT. An increase in NT during R5-R8 had no 
affect on stearic acid content, when averaged across DT. The 
increase in DT applied during R1-R8 did not affect the stearic 
acid content. The increase in NT applied during R1-R8 
increased the stearic acid content 0.3 percentage points. The 
interaction of DT and NT was significant for stearic acid 
content when temperature treatments were applied during R5-R8 
and R1-R8. When applied during R5-R8, an increase in DT from 
30 to 35 °C at 20 °C NT increased stearic acid content (0.6 
percentage points), but had no affect at 30 °C NT. An 
increase in NT during R5-R8 from 20 to 30 °C increased stearic 
acid (0.3 percentage points) at 30 °C DT, but decreased 
stearic acid (0.3 percentage points) at 35 °C. When applied 
during R1-R8, an increase in DT increased stearic acid (0.4 
percentage points) at 20 °C NT, but decreased stearic acid 
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(0.4 percentage points) at 30 °C. An increase in NT during 
R1-R8 at 30 °C DT had no affect on stearic acid content, but 
stearic acid decreased (0.7 percentage points) at 35 °C DT. 
Although there were significant effects of temperature on 
palmitic and stearic acid content, differences among 
treatments were slight (0.3 to 0.9 percentage points) and 
inconsistent. Wolf et al. (1982) have previously reported 
that palmitic and stearic acid content of soybean oil were 
relatively unchanged by temperature during seed fill. 
Oleic acid content was not affected by temperature 
treatments applied during R1-R5 (Table 2). Oleic acid was 
increased by an increase in DT from 30 to 35 °C during R5-R8 
(4.9 percentage points) and R1-R8 (8.7 percentage points) when 
averaged across NT. When averaged across DT, an increase in 
NT from 20 to 30 °C decreased oleic acid content (2.5 
percentage points) during R5-R8, but increased oleic acid 
content (1.6 percentage points) when applied during R1-R8. 
The interaction of DT and NT was significant for oleic acid 
content when treatments were applied during R1-R8. This 
interaction was due to a large amount of oleic acid produced 
at 35/30 °C when compared with the other three temperature 
treatments. An increase in DT during R1-R8 increased oleic 
acid 4.1 percentage points at 20 °C NT and 13.3 percentage 
points at 30 °C NT. Oleic acid was decreased 3.0 percentage 
points by an increase in NT during R1-R8 at 30 °C DT, but 
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increased 6.2 percentage points with an increase in NT at 35 
°C. 
Linoleic acid content was not affected by temperature 
treatments applied during R1-R5 (Table 2). The interaction of 
DT and NT was significant when treatments were applied during 
R5-R8 and R1-R8. Both of these interactions can be explained 
by a lower than expected amount of linoleic acid in the 35/30 
°C treatment. When applied during R5-R8, an increase in DT 
decreased linoleic acid 3.2 percentage points at 20 °C NT and 
5.9 percentage points at 30 °C NT. An increase in NT during 
R5-R8 increased linoleic acid 3.7 percentage points at 30 °C 
DT, but had no significant affect at 35 °C DT. When applied 
during R1-R8, an increase in DT decreased linoleic acid 3.3 
percentage points at 20 °C NT and an even greater 11.0 
percentage points at 30 °C NT. An increase in NT during R1-R8 
increased linoleic acid 3.1 percentage points at 30 °C DT, but 
decreased linoleic acid 4.6 percentage points at 35 °C DT. 
The DT and NT treatments applied R1-R5 did not affect the 
linolenic acid content of seed (Table 2). Linolenic acid was 
decreased by an increase in DT from 30 to 35 °C during R5-R8 
(1.2 percentage points) and R1-R8 (1.7 percentage points) when 
averaged across night temperatures. When averaged across DT, 
an increase in NT from 20 to 30 °C during R5-R8 had no affect 
on linolenic acid content, but slightly decreased linolenic 
acid (0.3 percentage points) when applied during R1-R8. The 
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interaction of DT and NT was significant for linolenic acid 
when treatments were applied during R1-R8. This interaction 
was due to a lower than expected amount of linolenic acid at 
35/30 °C. An increase in DT during R1-R8 decreased linolenic 
acid 1.3 percentage points at 20 °C NT and 2.0 percentage 
points at 30 °C NT. An increase in NT during R1-R8 had no 
affect on linolenic acid content at 30 °C DT, but decreased 
linolenic acid 0.6 percentage points at 35 °C DT. 
Increases in DT, when averaged across NT, increased oleic 
acid and decreased linoleic and linolenic acid when applied 
during R5-R8 and R1-R8. Changes in oleic, linoleic, and 
linolenic acid were greater when DT treatments were applied 
during R1-R8 than R5-R8. It is generally accepted that warmer 
environments are associated with higher percentages of oleic 
acid (Carver et al., 1986; Dornbos and Mullen, 1992; Rennie 
and Tanner, 1989) and lower percentages of linoleic and 
linolenic acids (Cartter and Hopper, 1942; Howell and Cartter, 
1958; Howell and Cartter, 1958; Rennie and Tanner, 1989; Wolf 
et al., 1989). 
Howell and Collins (1957) reported that night temperature 
affects the linoleic and linolenic acid content of soybean oil 
less than day temperature. This was also true for the current 
study. Howell and Collins' (1957) study revealed that an 
increase in day/night temperature from 32.2/21.1 to 32.2/32.2 
°C resulted in a 3.4 percentage point increase in linoleic 
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acid and a 1.0 percentage point increase in linolenic acid. 
This is similar to the increases in linoleic acid in the 
current study when temperature was raised from 30/20 to 30/30 
°C during R5-R8 and R1-R8 and from 35/20 to 35/30 °C during 
R5-R8. 
The duration of increases in night temperature were 
important in determining fatty acid composition. An increase 
in temperature from 35/20 to 35/30 applied over the entire 
reproductive period resulted in a response very different to 
the same treatments applied during seed fill and maturation. 
An increase in temperature from 35/20 to 35/30 °C during R1-R8 
increased oleic acid and decreased linoleic and linolenic 
acid, but when applied during seed fill and maturation, the 
increase in temperature decreased oleic acid and increased 
linoleic acid. An increase in temperature from 30/20 to 30/30 
°C during the entire reproductive period had less effect on 
fatty acid composition than did the same increase applied 
during seed fill and maturation. 
Increases in night temperature resulted in increases in 
oleic acid and decreases in linoleic and linolenic acid only 
when applied at 35 °C DT during R1-R8. The 35/30 °C R1-R8 
treatment was unique in that it increased the oleic acid 
content above and decreased the linoleic and linolenic acid 
content substantially below the 30/30, 35/20, and 35/30 °C 
treatments. These changes in fatty acids were not seen in the 
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R1-R5 or R5-R8 35/30 °C treatments suggesting that the high 
temperature be present during the entire reproductive growth 
period for the increase in oleic acid and decreases in 
linoleic and linolenic acid at 35/30 °C. 
Oleic acid is converted to linoleic acid which is 
converted to linoleic acid through desaturation reactions 
(Dutton and Mounts, 1966) . The high day combined with the 
high night temperature when applied during the entire 
reproductive period appeared to slow the conversion of oleic 
acid to linoleic and linolenic acid. The enzymes for fatty 
acid desaturation can be rapidly modulated in response to 
growth temperatures (Cheesbrough, 1989). Oleoyl desaturase, 
which is responsible for the conversion of oleic acid to 
linoleic acid, and linoleoyl desaturase, which is responsible 
for the conversion of linoleic acid to linolenic acid, had 
negligible activity in seed grown in culture at 35 °C as 
compared with 20 °C (Cheesbrough, 1989). This may explain the 
increase in oleic acid and decrease in linoleic and linolenic 
acid in the 35/30 °C R1-R8 treatment in the current study. 
There was not a great increase in oleic acid and decrease in 
linoleic and linolenic acid in the 35/30 R5-R8 treatment. 
These results suggests that the temperature prior to seed fill 
was important in determining the effect on the fatty acid 
profile of the high temperature applied during seed fill. 
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SUMMARY 
Changes in oil and protein of the soybean seed were best 
described when the day/night temperature treatment 
combinations during seed fill and maturation and the entire 
reproductive period were converted to mean temperatures. The 
oil content generally decreased and the protein content 
increased as mean temperature was increased from 25 to 32.5 
°C. An increase in day temperature during the entire 
reproductive growth increased the protein content of the seed, 
but did not affect seed protein content when applied during 
seed fill and maturation nor the oil content when applied 
during seed fill and maturation and the entire reproductive 
period. Increases in night temperature during seed fill and 
maturation and the entire reproductive period significantly 
decreased the oil content and increased the protein content of 
the seed. These results suggested that night temperature was 
as important as day temperature in determining the oil and 
protein content of soybean seed in this study. 
Changes in palmitic and stearic acid due to the 
temperature treatments were small and inconsistent. Increases 
in day temperature during seed fill and maturation slightly 
increased the amount of palmitic and stearic acid in the seed. 
The high day temperature increased oleic acid and decreased 
linoleic and linolenic acid content when applied during seed 
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fill and maturation and the entire reproductive period. Night 
temperature was important in determining the oleic, linoleic, 
and linolenic acid content of the soybean seed produced, 
although changes were less than those found with changes in 
day temperature. Increased night temperature resulted in 
decreased oleic acid and increased linoleic acid during seed 
fill and maturation and at 30 °C day temperature during the 
entire reproductive period. Only when night temperature was 
increased at 35 °C day temperature during the entire 
reproductive period was an increase in oleic acid and a 
decrease in linoleic and linolenic acid seen. High day 
temperature coupled with high night temperature during the 
entire reproductive period resulted in much greater increases 
in oleic acid and decreases in linoleic and linolenic acid 
than any other day/night temperature combination. 
The stage of reproductive growth in which day or night 
temperature was increased was important in determining the 
soybean seed composition. An increase in day or night 
temperature during flowering and pod set slightly decreased 
the amount of palmitic acid in the seed, and did not affect 
the oil and protein content or the amount of stearic, oleic, 
linoleic, linolenic acid content. Changes in the oil, 
protein, and fatty acids were generally greater when 
treatments were applied for the entire reproductive period 
than when applied during seed fill and maturation only. This 
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indicates that the duration of high temperature may be 
important in determining the oil, protein, and fatty acid 
profile of soybean seed and high temperature prior to seed 
fill can influence the oil and protein content and fatty acid 
profile if it continues into seed fill. 
These results indicate that high night temperature as 
well as high day temperature are important in determining the 
oil, protein, and fatty acid composition of soybean seed. The 
oil, protein, and fatty acid composition of soybean seed seems 
to be insensitive to high day or night temperature during 
flowering and pod set, but high temperature during flowering 
and pod set followed by high temperature during seed fill and 
maturation can change the seed composition even more 
dramatically than during seed fill and maturation alone. 
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Table 1. Protein and oil composition of soybeans exposed to 
differing day and night temperatures during reproductive 
growth 
Protein (%) Treatment LSD 05 = 0.8 Means LSD-05 =» 0.6 
R1-R5 R5-R8 R1-R8 
Night Night Night 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 
35 
41.9 
42.2 
42.6 
42.2 
42.3 
42.2 
41.9 
42.9 
43.9 
43.9 
42.9 
43.4 
41.9 
44.1 
45.1 
45.6 
43.5 
44.9 
Mean 42.1 42.4 42.4 43.9 43.0 45.4 
Oil 111 Treatment LSD .05 * 0.6 Means LSD # Q5 - 0.5 
Day 
R1-R5 
Night 
20 30 Mean 
R5-R8 
Night 
20 30 Mean 
R1-R8 
Night 
20 30 Mean 
30 
35 
21.0 
20.8 
21.0 
20.7 
21.0 
20.8 
21.0 
21.5 
20.3 
19.9 
20.7 
20.7 
21.0 
20.8 
19.8 
19.6 
20.4 
20.2 
Mean 20.9 20.9 21.3 20.1 20.9 19.7 
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Table 2. Fatty acid composition of soybeans exposed to 
differing day and night temperatures during reproductive 
growth 
Palmitic acid (%) Treatment LSD>05 = 0.3 Means LSD>05 = 0.2 
Day 
R1-R5 
Niqht 
20 30 Mean 
R5-R8 
Niqht 
20 30 Mean 
R1-R8 
Niqht 
20 30 Mean 
30 11.7 11.0 11.4 11.7 11.5 11.6 11.7 11.4 11.6 
35 11.3 10.8 11.1 11.8 12.4 12.1 11.7 11.5 11.6 
Mean 11.5 10.9 11.8 12.0 11.7 11.5 
Stearic acid (%) Treatment LSD>05 = 0 i.3 Means LSD ;5 = 0.2 
Rl- -R5 R5- -R8 R1-R8 
Niqht Niqht Niqht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 3.9 3.9 3.9 3.9 4.2 4.1 3.9 4.0 4.0 
35 4.0 4.1 4.1 4.5 4.2 4.4 4.3 3.6 4.0 
4.1 4.1 Mean 4.0 4.0 4.2 3.8 
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Table 2. continued 
Oleic acid in Treatment LSD., c_n II
 N9
 
4 Means LSD>05 = 1.7 
R1 -R5 R5 -R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 23.9 25.3 24.6 23.9 20.0 22.0 24.0 21.0 22.5 
35 25.4 25.8 25.6 27.5 26.3 26.9 28.1 34.3 31.2 
Mean 24.7 25.6 25.7 23.2 26.1 27.7 
Linoleic acid (%) Treatment LSD>05 » 1.9 Means LSD>05 - 1. 3 
R1 -R5 R5 -R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 54.4 54.1 54.3 54.4 58.1 56.3 54.4 57.5 56.0 
35 53.4 53.4 53.4 51.2 52.2 51.7 51.1 46.5 48.8 
Mean 53.9 53.8 52.8 55.2 52.8 52.0 
Linolenic acid (%) Treatment LSD # Q5 = 0.4 Means LSDZb = 0 .3 
R1 -R5 R5 -R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 6.0 5.9 6.0 6.0 6.3 6.2 6.0 6.1 6.1 
35 6.0 5.9 6.0 5.0 5.0 5.0 4.7 4.1 4.4 
Mean 6.0 5.9 5.5 5.7 5.4 5.1 
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Figure 1. The influence of mean temperature during seed fill 
and maturation (R5-R8) on the oil and protein content of 
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Figure 2. The influence of mean temperature during the entire 
reproductive period (R1-R8) on the oil and protein content of 
soybean seed 
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Figure 3. The relationship between oil and protein content of 
soybean seed exposed to different combinations of day/night 
temperatures during flowering and pod set, seed fill and 
maturation, and the entire reproductive period 
*** Significant at .01 level. 
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GENERAL SUMMARY AND DISCUSSION 
The interaction of day and night temperature was not 
significant at any stage of reproductive growth for the seed 
yield parameters measured in this study. This suggests that 
day and night temperature acted independently on seed yield. 
High day temperature affected final seed yield more than high 
night temperature. The high day temperature imposed during 
either flowering and pod set, seed fill and maturation, or the 
entire reproductive period decreased the final seed yield. 
The high night temperature imposed during any reproductive 
growth period did not influence final seed yield. However, 
the increase in night temperature did slightly adjust some of 
the seed yield components. 
Reductions in seed yield due to high day temperature were 
similar between the flowering and pod set and seed fill and 
maturation treatment periods and smaller than the reduction in 
seed yield from exposure during the entire reproductive period 
treatment. Reductions in seed yield were due to reductions in 
seeds plant-1, seeds pod-1, and weight seed-1 when high day 
temperature was encountered during flowering and pod set and 
the entire reproductive period. A reduction in weight seed-1 
was primarily responsible for the reduction in seed yield by 
the high day temperature during seed fill and maturation. 
The high day temperature during flowering and pod set, 
149 
seed fill and maturation, and the entire reproductive period 
did not affect the duration of seed growth, but did decrease 
seed filling rates. The reductions in seed filling rates were 
associated with reductions in photosynthetic rate. It is not 
clear whether seed growth limited the photosynthetic rate or 
if assimilate supply limited seed growth. Evidence from 
several studies show that temperatures between 26 and 36 °C do 
not affect photosynthesis prior to seed fill, but sink demand 
can influence photosynthesis in soybean. Further study is 
needed to determine the relationship between seed growth, 
photosynthesis, and high temperature during reproductive 
growth of soybeans. 
High night temperature during any reproductive stage did 
not affect the seed filling rates of soybean seed produced. 
However, the duration of seed growth was lengthened by high 
night temperature imposed during seed fill and maturation and 
the entire reproductive period. There were no differences in 
final seed yield due to high night temperature because the 
slower seed filling rates were offset by the lengthened 
duration of seed growth. 
Seed germination or vigor was not affected by changes in 
day or night temperature imposed during flowering and pod set. 
However, seeds exposed to high day or high night temperature 
during seed fill and maturation and the entire reproductive 
period had poorer germination and vigor. In this study, day 
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temperature was generally more important in influencing seed 
germination and vigor than night temperature with the 
exception that reductions in germination were similar for 
increases in day or night temperature when applied during seed 
fill and maturation. Germination percentage was reduced to a 
similar degree by increases in day or night temperature during 
seed fill and maturation and the entire reproductive period. 
High day or night temperature reduced seed vigor more when 
applied during the entire reproductive period than during seed 
fill and maturation alone. Seed vigor was reduced more than 
germination by stressful temperatures. 
Changes in oil and protein of the soybean seed were best 
described when the day/night temperature treatment 
combinations during seed fill and maturation and the entire 
reproductive period were converted to mean temperatures. The 
oil content generally decreased and the protein content 
increased as mean temperature was increased from 25 to 32.5 
°C. Seed protein content increased when high day temperature 
was applied during the entire reproductive growth, but did not 
change when high day temperature was applied during seed fill 
and maturation. High day temperature applied during seed fill 
and maturation and the entire reproductive period did not 
influence seed oil content. Increases in night temperature 
during seed fill and maturation and the entire reproductive 
period significantly decreased the oil content and increased 
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the protein content of the seed. These results suggested that 
night temperature was more important than day temperature in 
determining the oil and protein content of soybean seed in 
this study. 
Changes in palmitic and stearic acid due to the 
temperature treatments were small and inconsistent. Increases 
in day temperature during seed fill and maturation slightly 
increased the amount of palmitic and stearic acid in the seed. 
The high day temperature, when applied during seed fill and 
maturation and the entire reproductive period, increased oleic 
acid and decreased linoleic and linolenic acid content. Night 
temperature was important in determining the oleic, linoleic, 
and linolenic acid content of the soybean seed produced, 
although changes were less than those found with changes in 
day temperature. Increased night temperature, at 30 °C day 
temperature, decreased oleic acid when applied during the 
entire reproductive period and increased linoleic acid when 
applied during seed fill and maturation. Only when night 
temperature was increased at 35 °C day temperature during the 
entire reproductive period was an increase in oleic acid and a 
decrease in linoleic and linolenic acid seen. High day 
temperature coupled with high night temperature resulted in 
much greater increases in oleic acid and decreases in linoleic 
and linolenic acid than any other day/night temperature 
combination. 
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The stage of reproductive growth in which day or night 
temperature was increased was important in determining the 
soybean seed composition. An increase in day or night 
temperature during flowering and pod set slightly decreased 
the amount of palmitic acid in the seed, and did not affect 
the oil and protein content or the amounts of stearic, oleic, 
linoleic, and linolenic acid contents. Changes in oil, 
protein, and fatty acid composition were generally greater 
when treatments were applied for the entire reproductive 
period than when applied during seed fill and maturation only. 
This indicates that the duration of high temperature was 
important in determining the oil, protein, and fatty acid 
profile of soybean seed and high temperature prior to seed 
fill can influence the oil and protein content and fatty acid 
profile if it continues into seed fill. 
Results of this study indicate that environmental and/or 
locational differences in soybean seed yield, germination and 
vigor, oil, protein, and fatty acid composition may be caused 
by differences in day or night temperature during reproductive 
growth. In this study, high day temperature was generally 
more important in determining reductions in seed yield, 
germination and vigor, oil, protein, and fatty acid 
composition. The duration of high temperature and the stage 
of reproductive growth in which high temperature occurred were 
also important in determining the degree of change in seed 
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parameters. Changes in temperature during flowering and pod 
set influenced seed yield, but were generally not important in 
influencing seed germination, vigor, oil, protein, or fatty 
acids. High day or night temperature during the entire 
reproductive period resulted in larger decreases in seed yield 
and vigor and changes in seed oil, protein, and fatty acid 
composition than during seed fill and maturation alone. 
Decreases in germination were similar for seeds exposed to 
high day or night temperatures when imposed during seed fill 
and maturation and the entire reproductive period. 
Further study is needed to determine the relationship 
between seed growth, photosynthesis, and high temperature 
during reproductive growth of soybean. Additionally, the 
physiological and biochemical effects of high temperature on 
soybean seed that lead to reductions in germination and vigor 
are not known and require further research. A better 
understanding is also needed of the physiological mechanisms 
regulating the response of seed fatty acid composition to high 
day/night temperature during the entire reproductive period. 
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APPENDIX A: EXPERIMENTAL DESIGN 
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The objective of this study was to determine the effects 
of different combinations of day and night temperature during 
reproductive growth on soybean seed yield, seed quality, and 
seed yield. A day temperature of 30 °C was selected as a near 
optimum temperature for soybean growth and 35 °C was selected 
as a stressful day temperature. Night temperatures of 20 and 
30 °C were selected as moderate and high night temperature, 
respectively. Three reproductive growth stages were selected 
to determine the effects of high temperature during: 1) 
flowering and pod set (R1-R5), 2) seed fill and maturation 
(R5-R8), and 3) the entire reproductive period (R1-R8). 
To obtain these goals a growth chamber experiment was 
conducted. Plants were grown in the greenhouse until R1 
(beginning flowering) to reduce the amount of growth chamber 
time needed to perform the experiment. Soybean seeds of the 
determinate cultivar Gnome 85 (Maturity Group II) were planted 
on 30 Sept, and 30 Dec., 1990 and 26 Apr. and 9 Aug., 1991. 
Plants were transferred at R1 to Conviron model PGW 36 growth 
chambers. Eighteen pots were placed in each of four growth 
chambers. Each chamber was set to one of four day/night 
temperature regimes: 35/30, 35/20, 30/30, and 30/20 °C (Figure 
1). The day/night temperature change occurred gradually over 
a two-hour period. When plants from all treatments reached 
beginning seed fill (R5), four plants from each of the 35/30, 
35/20, and 30/30 °C temperature regimes were switched with 
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four plants in the 30/20 temperature regime (Figure 2). This 
allowed for the study of temperature effects during R1-R5, R5- 
R8, and R1-R8. 
The experiment included four replications in time. 
Statistical analysis was performed with the Analysis of 
Variance procedure. The experiment was analyzed as a 
randomized block design with 10 treatments (Figure 3). 
Contrasts were made among temperatures within growth stages. 
The 30/20 °C treatment was used as a control and was included 
in the contrasts for each growth stage. Least significant 
differences were determined at P£0.05 and are given in the 
tables and figures as an indication of variance. 
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X X X X X X 
X X X X X X 
X X X X X X 
35/30 
X X X X X X 
X X X X X X 
X X X X X X 
35/20 
X X X X X X 
X X X X X X 
X X X X X X 
30/30 
X X X X X X 
X X X X X X 
X X X X X X 
30/20 
Figure 1. The setup of plants in the growth chambers during 
flowering and pod set (R1-R5) 
X X X 0 X X 
X 0 X X X 0 
X X X 0 X X 
35/30 
X X 0 X X X 
X X X X 0 X 
0 X X 0 X X 
35/20 
X 0 X X 0 X 
X X 0 X X X 
X X X X X 0 
30/30 
X A C X A B 
B C X B C X 
X B A C X A 
30/20 
- FROM 30/20 
- FROM 30/30 
X - REMAINED IN INITIAL CHAMBER 0 
A - FROM 35/30 B - FROM 35/20 C 
Figure 2. The setup of plants in the growth chambers during 
seed fill and maturation (R5-R8) 
35/30 R1-R8 35/30 R1-R5 35/30 R5-R8 
35/20 R1-R8 35/20 R1-R5 35/20 R5-R8 
30/30 R1-R8 30/30 R1-R5 30/30 R5-R8 
30/20 R1-R8 
Figure 3. The ten treatments used in this study. 
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Table 1. Leaf, pod, stem, seed, and total dry matter of 
soybeans at growth stage R6.5 as influenced by day and night 
temperature during reproductive growth 
Leaf dry matter (g) 
LSD>05 - 6.73 
Night 
Day 20 30 Mean 
30 22.04 27.10 24.57 
35 20.06 23.26 21.66 
Mean 21.05 25.18 
Stem dry matter (g) 
LSD 05 - 2.77 
Night 
Day 20 30 Mean 
30 10.28 12.03 11.16 
35 8.29 10.14 9.22 
Mean 9.29 11.09 
Total dry matter (g) 
LSD 05 - 20.13 
Night 
Day 20 30 Mean 
30 70.25 77.92 74.09 
35 54.38 60.15 57.27 
Mean 62.32 69.04 
Pod dry matter (g) 
LSD os - 4.52 
Night 
Day 20 30 Mean 
30 15.09 17.76 16.43 
35 12.22 14.88 13.55 
Mean 13.67 16.32 
Seed weight (g) 
LSD os - 8.63 
Night 
Day 20 30 Mean 
30 22.85 21.03 21.94 
35 13.81 11.88 12.85 
Mean 18.33 16.46 
Table 2. Leaf area of soybeans at growth stage R6.5 as 
influnced by day and night temperature during reproductive 
growth 
Component 
DT* ( 
30 
:°c) 
35 
NT** 
20 
(°C) 
30 LSD, 05 
Leaf area (cm2) 5151.4 4442.5 4580.2 5013.8 655.7 
Leaf number 44.7 44.4 43.2 45.9 3.3 
Area leaf-1 (cm2) 127.2 108.5 117.2 118.5 17.3 
Day temperature 
Night temperature 
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Table 3. The main effects of differing day and night 
temperatures during reproductive growth on the timing of the 
reproductive growth stages in soybean 
Days after flowering to R3 - LSD_05 = 0.7 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R8 10.4* 11.4 11.3** 10.5 
Davs after flowering to R5 - LSD ^ = 0.8 
Growth Stage 
Dav Temperature Night Temperature 
30 35 20 30 
R1-R8 18.9* 20.4 20.1** 19.1 
* 
* * 
- Mean value averaged across night temperature 
- Mean value averaged across night temperature 
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Table 3. continued 
Days after flowering to R6 - LSD 05 = 1.5 
Day Temperature Night Temperature 
Growth Staqe 30 35 20 30 
R1-R5 33.1* 33.0 32.8** 33.4 
R5-R8 33.0 33.9 33.3 33.6 
R1-R8 33.1 33.8 32.9 34.0 
Days after flowering to R6 - LSD ^ = 1.4 
Day Temperature Night Temperature 
Growth Stage 30 35 20 30 
R1-R5 49.8* 51.6 50.5** 50.9 
R5-R8 51.4 51.5 50.0 52.9 
R1-R8 51.6 54.1 51.3 54.5 
★ 
- Mean value averaged across night temperature 
★ ★ 
- Mean value averaged across night temperature 
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Table 3. continued 
Davs after flowering to R8 - Treatment LSD 05 = 3.6 
Means LSD ,05 = 3.6 
R1-R5 R5-R8 R1-R8 
Niqht Niqht Niqht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 66.5 68.0 67.3 66.5 70.3 68.4 66.5 73.3 69.9 
35 64.8 70.5 67.7 64.5 73.3 68.9 68.8 76.8 72.8 
Mean 65.7 69.3 65.5 71.8 67.7 75.1 
Table 4. Mineral analysis of soybean seed produced in 
differing day and night temperature combinations during 
reproductive growth 
Phosphorus dig q *) - Treatment LSD 05 = 680 Means LSD 05 = 481 
R1-R5 R5-R8 R1-R8 
Night Night Night 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 8846 9009 8928 8846 9107 8977 8846 8845 8846 
35 9127 8786 8957 10101 9829 9965 10128 9375 9752 
Mean 8987 8898 9474 9468 9487 9110 
Potassium UQ 
_9_1 - Treatment LSD>05 * 1130 Means LSD>05 = 799 
Rl- R5 R5 -R8 Rl -R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 25160 25212 25186 25160 25951 25556 25160 26314 25737 
35 25305 24818 25062 27065 28925 27680 27910 26918 27414 
Mean 25233 25015 26113 27123 26535 26616 
Calcium UQ Q -l _ Treatment LSD. os - 504 Means LSD <05 = 356 
Rl- R5 R5 -R8 Rl' -R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 3672 3445 3559 3672 5277 4475 3672 5445 4559 
35 3031 3226 3129 3979 5381 4680 3553 4895 4224 
Mean 3352 3336 3826 5413 3613 5170 
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Table 4. continued 
Maanesium llq 
...q,.1 - Treatment LSD<05 = 249 Means LSD#05 = 176 
Rl- R5 R5 -R8 R1-R8 
Niqht Niaht Niqht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 3773 3678 3726 3773 4091 3932 3773 4022 3898 
35 3511 3575 3543 3782 3937 3860 3518 3531 3525 
Mean 3642 3627 3778 4014 3646 3777 
Manganese (Llq q l) Treatment LSD>05 * 7, .6 Means LSD>05 = 5.3 
Rl- R5 R5 -R8 R1-R8 
Niqht Niqht Niqht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 51.8 50.6 51.2 51.8 56.7 54.3 51.8 59.2 55.5 
35 42.6 48.4 45.5 50.3 55.1 52.7 47.0 48.4 47.7 
Mean 47.2 49.5 51.1 55.9 49.4 53.8 
Iron ua a-1 - Treatment LSD # Q5 = 29.8 Means LSD.C5 = 21.1 
Rl- R5 R5 -R8 R1-R8 
Niqht Niqht Niqht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 116.6 113. 9 115.3 116.6 118.7 117.7 116.6 121.8 119.2 
35 116.2 115. 8 116.0 140.2 105.8 123.0 119.5 108.8 114.2 
Mean 116.4 114.9 128.4 112.3 118.1 115.3 
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Table 4. continued 
Boron uq q"1 - Treatment LSD.os = 3.3 Means LSD.05 = 2.3 
R1-R5 R5-R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 46.8 47.0 46.9 46.8 50.1 48.5 46.8 50.2 48.5 
35 45.8 46.8 46.3 47.9 49.0 48.5 50.1 51.3 50.7 
Mean 46.3 46.9 47.4 49.6 48.5 50.8 
Coppe r
 (Uq q-1) - Treatment LSD.05 = 1.03 Means LSD>05 = 0.72 
R1-R5 R5-R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 5.54 5.21 5.38 5.54 5.69 5.62 5.54 5.56 5.55 
35 5.79 5.61 5.70 5.98 6.01 6.00 6.51 6.85 6.68 
Mean 5.67 5.41 5.76 5.85 6.03 6.21 
Zinc Uq q-1 - Treatment LSD 05 = 8.8 Means LSD.05 = 6.2 
R1-R5 R5-R8 R1-R8 
Niaht Niaht Niaht 
Day 20 30 Mean 20 30 Mean 20 30 Mean 
30 78.3 72. 2 75.3 78.3 74.0 76.2 78.3 74.5 76.4 
35 75.2 76. 8 76.0 84.5 81.5 83.0 90.4 82.6 86.5 
Mean 76.8 74.5 81.4 77.8 84.4 78.6 
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APPENDIX C: ANOVA TABLES 
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Yield and Yield Components 
Source Of Degrees of Pods Seeds Seeds 
Variation Freedom Plant-1 Plant-1 Pod-1 
Block 3 2547.3 
Treatment 9 246.5 
R1-R5 Day (1) 66.0 
R1-R5 Night (1) 333.1 
R1-R5 Day* ** ***Night (1) 37.5 
R5-R8 Day (1) 0.3 
R5-R8 Night (1) 19.1 
R5-R8 Day*Night (1) 3.1 
R1-R8 Day (1) 107.4 
R1-R8 Night (1) 655.2 
R1-R8 Day*Night (1) 38.2 
Error 27 57.4 
Total 39 
Mean Squares 
★ * * 9317.6 * ★ * 0.0587 ★ ★ ★ 
★ * ★ 1049.4 ★ ★ ★ 0.1339 ★ * * 
2710.5 ★ ★ ★ 0.4456 ★ ★ ★ 
★ ★ 407.5 0.0371 ★ * ★ 
387.6 0.0002 
103.7 0.0189 ★ 
111. 6 0.0002 
o
 
o
 0.0014 
2700.4 ★ ★ ★ 0.5402 ★ ★ ★ 
★ ★ ★ 2300.6 ★ ★ 0.0132 
222.8 0.0004 
340.7 0.0051 
* Significant at .10 level 
** Significant at .05 level 
*** Significant at .01 level 
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Yield and Yield Components 
Source of Degrees of Pods w/o Weight Seed Weight 
Variation Freedom Seeds Seed-1 Plant-1 
Block 3 12.13 
Treatment 9 40.84 
R1-R5 Day (1) 25.83 
R1-R5 Night (1) 18.77 
R1-R5 Day* **Night (1) 2.38 
R5-R8 Day (1) 7.00 
R5-R8 Night (1) 0.59 
R5-R8 Day*Night (1) 0.80 
R1-R8 Day (1) 280.31 
R1-R8 Night (1) 4.36 
R1-R8 Day*Night (1) 7.17 
Error 27 6.41 
Total 39 
Mean Squares 
0.2509 ★ 250.6 * ★ ★ 
★ * ★ 1.0033 ★ * * 105.6 * * * 
★ ★ 0.8673 ★ * ★ 257.1 ★ ★ * 
★ 0.0331 8.7 
0.0087 7.1 
3.1838 ★ ★ ★ 202.8 ★ * ★ 
0.3851 ★ ★ 31.6 
0.0289 0.4 
★ ★ ★ 4.3560 ★ ★ ★ 547.6 ★ * * 
1.1424 ★ ★ ★ 0.1 
0.0436 3.0 
0.0884 12.8 
* Significant at .10 level 
** Significant at .05 level 
Significant at .01 level ★ ★ ★ 
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Yield and Yield Components 
Source of Degrees of 
Variation Freedom RPD PSFR ISFR 
Block 3 36.2 
Treatment 9 15.8 
R1-R5 Day (1) 0.6 
R1-R5 Night (1) 7.6 
R1-R5 Day* ** ***Night (1) 5.1 
R5-R8 Day (1) 0.1 
R5-R8 Night (1) 33.1 
R5-R8 Day*Night (1) 0.1 
R1-R8 Day (1) 4.0 
R1-R8 Night (1) 72.3 
R1-R8 Day*Night (1) 0.3 
Error 27 2.6 
Total 39 
- Mean Squares 
★ * * 0.4683 ★ * ★ 0.6332 ★ ★ ★ 
★ * * 0.1343 ★ ★ ★ 1.9588 ★ ★ * 
0.2998 ★ * * 1.1772 ★ * ★ 
★ 0.0000 0.3906 
0.0248 0.0870 
0.2025 ★ * ★ 3.1595 ★ ★ ★ 
★ ★ ★ 0.1296 ★ ★ ★ 2.2575 * ★ ★ 
0.0012 0.0046 
0.6123 ★ ★ ★ 5.4522 ★ ★ ★ 
★ ★ * 0.0689 ★ ★ 5.3361 ★ ★ ★ 
0.0011 0.0342 
0.0158 0.1431 
* Significant at .10 level 
** Significant at .05 level 
*** Significant at .01 level 
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Photosynthesis 
Source of Degrees of Growth Stage of Treatment 
Variation Freedom R1-R5 R5-R8 
Mean Squares 
Block 3 45.643 ★ * * 51.022 *** 
Treatment 3 5.291 ★ 5.794 
Day (1) 20.607 ★ ★ * 12.082 * 
Night (1) 1.510 0.001 
Day*Night (1) 0.405 0.010 
Block*Treatment 9 1.465 3.618 
Time 4 16.839 ★ ★ ★ 32.805 *** 
Treatment*Time 12 1.307 0.410 
Error 40 1.773 1.491 
Total 11 
Significant at .10 level 
Significant at . 05 level 
Significant at . 01 level ★ ★ ★ 
Photosynthesis 
Source of 
Variation 
Degrees of 
Freedom 
Growth Stage of Treatment 
R1-R8 
Block 3 
Mean Squares  
60.747 *** 
Treatment 3 24.702 *** 
Day (1) 68.096 *** 
Night (1) 7.211 ** 
Day*Night (1) 0.132 
Block*Treatment 9 1.166 
Time 9 24.554 *** 
Treatment *Time 27 1.388 
Error 104 2.403 
Total 11 
★ 
★ ★ 
★ ★ ★ 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Etched and Hard Seed 
Source of Degrees of Etched Hard 
Variation Freedom Seed Seed 
Mean Squares 
Block 3 1337.1 ★ ★ * 43.1 
Treatment 9 2349.2 ★ * * 64.9 * 
R1-R5 Day (1) 1947.0 ★ ★ ★ 2.3 
R1-R5 Night (1) 456.2 1.0 
R1-R5 Day*Night (1) 116.1 1.0 
R5-R8 Day (1) 6749.0 ★ ★ ★ 30.3 
R5-R8 Night (1) 1083.6 ★ ★ 25.0 
R5-R8 Day*Night (1) 108.4 16.0 
R1-R8 Day (1) 7232.7 ★ * ★ 264.1 * 
R1-R8 Night (1) 3841.5 ★ * ★ 85.6 
R1-R8 Day*Night (1) 579.8 ★ 85.6 
Error 27 174.1 .95.6 
Total 39 
★ 
★ ★ 
★ ★ * 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Seed Viability 
Source of Degrees of Percent Percent Percent 
Variation Freedom Germination Abnormal Dead 
Mean Squares 
Block 3 357.8 ★ * ★ 41.3 * * ★ 156.0 ★ ★ * 
Treatment 9 380.9 ★ ★ ★ 74.8 ★ * * 118.2 ★ * * 
R1-R5 Day (1) 0.3 0.6 0.1 
R1-R5 Night (1) 0.3 0.1 0.1 
R1-R5 Day*Night (1) 0.3 1.6 0.6 
R5-R8 Day (1) 676.0 ★ ★ ★ 162.6 ★ ★ ★ 175.6 ★ ★ ★ 
R5-R8 Night (1) 576.0 ★ * * 105.1 ★ ★ ★ 175.6 ★ ★ ★ 
R5-R8 Day*Night (1) 225.0 ★ ★ 33.1 ★ ★ 76.6 
R1-R8 Day (1) 1173.1 ★ ★ ★ 189.1 ★ ★ ★ 420.3 ★ ★ ★ 
R1-R8 Night (1) 162.6 ★ 60.1 ★ ★ ★ 25.0 
R1-R8 Day*Night (1) 22.6 3.1 9.0 
Error 27 55.1 5.7 37.2 
Total 39 
★ 
★ ★ 
★ ★ ★ 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Seed Vigor 
Source of Degrees of Seedling Axis Electrical 
Variation Freedom Dry Weight Conductivity 
Block 3 
Treatment 9 
R1-R5 Day (1) 
R1-R5 Night (1) 
R1-R5 Day*Night (1) 
R5-R8 Day (1) 
R5-R8 Night (1) 
R5-R8 Day*Night (1) 
R1-R8 Day (1) 
R1-R8 Night (1) 
R1-R8 Day*Night (1) 
Error 27 
Total 39 
Mean Squares 
0.0518 ★ * ★ 26951.6 ★ * ★ 
0.1115 ★ * * 33289.3 ★ ★ ★ 
0.0110 * 1265.9 
0.0001 217.3 
0.0056 11.2 
0.2831 ★ ★ ★ 52721.9 ★ * * 
0.1087 ★ * ★ 31816.7 ★ ★ ★ 
0.0009 1141.9 
0.3045 ★ ★ ★ 58545.9 ★ ★ ★ 
0.1010 ★ ★ ★ 86261.2 ★ ★ ★ 
0.0526 ★ ★ ★ 5520.1 ★ 
0.0037 1422.1 
* 
* * 
* * * 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Protein and Oil 
Source of Degrees of Percent Percent 
Variation Freedom Oil Protein 
Mean Squares 
Block 3 2.5830 * ★ ★ 5.9856 ★ ★ * 
Treatment 9 1.1046 ★ * ★ 4.9289 ★ ★ * 
R1-R5 Day (1) 0.1806 0.0006 
R1-R5 Night (1) 0.0156 0.3906 
R1-R5 Day*Night (1) 0.0156 0.4556 
R5-R8 Day (1) 0.0025 0.7656 
R5-R8 Night (1) 3.8025 ★ ★ ★ 6.8906 ★ ★ ★ 
R5-R8 Day*Night (1) 0.7225 ★ 0.7656 
R1-R8 Day (1) 0.1056 5.6406 ★ ★ ★ 
R1-R8 Night (1) 4.1006 ★ ★ ★ 16.6056 ★ * * 
R1-R8 Day*Night (1) 0.0006 2.4806 ★ ★ * 
Error 27 0.1956 0.3145 
Total 39 
★ Significant at .10 level 
** Significant at .05 level 
*** Significant at .01 level 
187 
Fatty Acids 
Source of Degrees of Palmitic Stearic 
Variation Freedom Acid Acid 
Block 3 
Treatment 9 
R1-R5 Day (1) 
R1-R5 Night (1) 
R1-R5 Day*Night (1) 
R5-R8 Day (1) 
R5-R8 Night (1) 
R5-R8 Day*Night (1) 
R1-R8 Day (1) 
R1-R8 Night (1) 
R1-R8 Day*Night (1) 
Error 27 
Total 39 
* Significant at .10 
** Significant at .05 
Significant at .01 
Mean Squares 
0.0233 0.0231 
0.7865 ★ ★ ★ 0.2530 ★ ★ ★ 
0.3090 ★ 'k 0.0689 
1.4742 ★ ★ ★ 0.0163 
0.0935 0.0452 
1.0730 ★ ★ ★ 0.3016 ★ * ** * 
0.0770 0.0031 
0.6360 ★ * * 0.3164 ★ ★ ★ 
0.0022 0.0000 
0.3025 ★ * 0.4624 ★ ★ ★ 
0.0005 0.6162 * * ★ 
0.0487 0.0310 
level 
level 
level ★ ★ ★ 
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Fatty Acids 
Source of Degrees of Oleic Linoleic Linolenic 
Variation Freedom Acid Acid Acid 
Mean Squares 
Block 3 6.236 4.850 ★ 0.183 
Treatment 9 62.691 ★ * * 43.568 ★ ★ ★ 2.247 ★ * * 
R1-R5 Day (1) 3.728 2.862 0.000 
R1-R5 Night (1) 2.770 0.059 0.074 
R1-R5 Day*Night (1) 0.946 0.112 0.002 
R5-R8 Day (1) 97.796 ★ ★ ★ 81.406 ★ ★ ★ 6.068 ★ ★ ★ 
R5-R8 Night (1) 27.362 ★ ★ ★ 22.444 ★ ★ ★ 0.079 
R5-R8 Day*Night (1) 7.304 6.878 ★ ★ 0.109 
R1-R8 Day (1) 305.754 ★ ★ ★ 202.019 ★ ★ * 10.962 ★ ★ ★ 
R1-R8 Night (1) 10.352 ★ 2.111 0.285 ★ 
R1-R8 Day*Night (1) 82.765 ★ ★ ★ 59.573 ★ * * 0.390 ★ ★ 
Error 27 2.812 1.695 0.088 
Total 39 
★ ★ 
★ ★ * 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Dry Matter 
Source of Degrees of Leaf Pod Stem 
Variation Freedom Dry Matter Dry Matter Dry Matter 
Mean Squares 
Block 2 95.54 ** 20.58 * 18.28 *** 
Treatment 3 26.40 15.41 6.98 * 
Day (1) 25.28 24.85 * 11.25 ** 
Night (1) 51.21 * 21.36 * 9.68 * 
Day*Night (1) 2.62 0.00 0.01 
Error 6 11.35 5.12 1.92 
Total 11 
Significant at . 10 level 
Significant at . 05 level 
Significant at .01 level 
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Dry Matter 
Source of Degrees of Seed Total 
Variation Freedom Weight Dry Matter 
Mean Squares 
Block 2 73.68 * 441.69 
Treatment 3 86.24 ** 328.89 
Day (1) 248.16 *** 848.60 
Night (1) 10.55 135.41 
Day*Night (1) 0.01 2.70 
Error 6 18.68 101.54 
Total 11 
* Significant at 
** Significant at 
*** Significant at 
.10 level 
.05 level 
.01 level 
Leaf Area 
Source of 
Variation 
Degrees of 
Freedom 
Leaf 
Area 
Leaf 
Number 
Area 
Leaf-1 
■ Mean Squares 
Block 2 1728196.5 ** 867.27 *** 8248.47 *** 
Treatment 3 690987.5 24.30 404.76 
Day (1) 1507830.3 * 0.19 1055.81 * 
Night (1) 564070.2 22.67 5.24 
Day*Night (1) 1061.8 50.02 ** 153.23 
Error 6 341618.2 8.47 237.34 
Total 11 
* Significant at .10 level 
** Significant at .05 level 
*** Significant at .01 level 
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Growth Stages 
Source of Degrees of 
Variation Freedom R3 R5 
Mean Squares 
Block 3 19.417 *** 25.417 *** 
Treatment 3 2.083 *** 4.417 *** 
Day (1) 4.000 *** 9.000 *** 
Night (1) 2.250 *** 4.000 ** 
Day*Night (1) 0.000 0.250 
Error 9 0.361 0.472 
Total 11 
* Significant at .10 level 
** Significant at . 05 level 
*** Significant at .01 level 
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Growth Stages 
Source of Degrees of 
Variation Freedom R6 R7 R8 
Mean Squares 
Block 3 14.758 *** 162.20 ★ * ** ★ 341.50 ★ * * 
Treatment 9 1.136 14.56 ★ ★ ★ 62.84 * ★ * 
R1-R5 Day (1) 0.063 14.06 ★ ★ ★ 0.56 
R1-R5 Night (1) 1.563 0.56 52.56 ★ ★ ★ 
R1-R5 Day*Night (1) 1.563 3.06 18.06 ★ 
R5-R8 Day (1) 3.063 0.06 1.00 
R5-R8 Night (1) 0.563 33.06 ★ ★ ★ 156.25 ★ ★ ★ 
R5-R8 Day*Night (1) 1.563 0.06 25.00 ★ ★ 
R1-R8 Day (1) 1.563 25.00 ★ ★ * 33.06 ★ ★ 
R1-R8 Night (1) 5.063 42.25 ★ ★ ★ 217.56 ★ ★ ★ 
R1-R8 Day*Night (1) 0.063 0.00 1.56 
Error 27 2.055 1. 94 ■ 6.04 
Total 39 
* Significant at .10 level 
** Significant at .05 level 
*** Significant at .01 level 
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Mineral Analysis 
Source of Degrees of 
Variation Freedom Phosporus Potassium Calcium 
Mean Squares 
Block 3 454326 1007681 617929 ★ * * 
Treatment 9 1083791 *** 5820956 ★ * * 3653457 * * * 
R1-R5 Day (1) 3452 130863 739170 ★ ★ 
R1-R5 Night (1) 31773 103845 1008 
R1-R5 Day*Night (1) 254268 424127 178718 
R5-R8 Day (1) 3908529 *** 18051877 ★ * * 168716 
R5-R8 Night (1) 110 4083431 ★ * 9040546 ★ * ★ 
R5-R8 Day*Night (1) 284089 192941 41514 
R1-R8 Day (1) 3281532 *** 11244286 ★ ★ ★ 447561 ★ 
R1-R8 Night (1) 567009 26163 9709456 * ★ ★ 
R1-R8 Day*Night (1) 566256 4608536 ★ ★ ★ 185330 
Error 27 220102 607017 120624 
Total 39 
★ 
★ ★ 
★ ★ ★ 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Mineral Analysis 
Source of Degrees of 
Variation Freedom Magnesium Manganese Iron 
Mean Squares 
Block 
Treatment 
R1-R5 Day 
R1-R5 Night 
R1-R5 Day*Night 
R5-R8 Day 
R5-R8 Night 
R5-R8 Day*Night 
R1-R8 Day 
R1-R8 Night 
R1-R8 Day*Night 
Error 
Total 
3 70572 ★ 
9 187060 ★ * ★ 
(1) 133225 ★ ★ 
(1) 992 
(1) 24964 
(1) 21025 
(1) 223729 ★ ★ ★ 
(1) 26896 
(1) 555770 ★ ★ ★ 
(1) 68960 
(1) 55932 
27 29361 
39 
368.31 * '* ★ 11.6 
93.18 ★ ★ ★ 342.5 
129.22 ★ * 2.3 
21.37 9.5 
48.55 5.2 
9.08 114.0 
93.65 ★ 1044.9 
0.01 1337.7 
179.09 ★ ★ 101.0 
120.18 ★ * 30.3 
14.19 252.8 
27.14 422.6 
★ ★ 
★ * * 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
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Mineral Analysis 
Source of Degrees of 
Variation Freedom Boron Copper Zinc 
Mean Squares 
Block 3 296.6 ★ ★ ★ 18.2 *** 394.1 * ★ ★ 
Treatment 9 14.2 ★ * 1.0 * 129.2 ★ ★ ★ 
R1-R5 Day (1) 1.5 0.4 2.4 
R1-R5 Night (1) 1.5 0.3 20.1 
R1-R5 Day*Night (1) 0.9 0.0 61.0 
R5-R8 Day (1) 0.0 0.6 188.7 ★ * 
R5-R8 Night (1) 19.0 ★ 0.0 52.8 
R5-R8 Day*Night (1) 4.3 0.0 1. 6 
R1-R8 Day (1) 19.4 ★ 5.1 406.4 ★ ★ ★ 
R1-R8 Night (1) 20.4 ★ 0.1 135.7 ★ 
R1-R8 Day*Night (1) 4.9 0.1 15.4 
Error 27 5.1 0.5 36.9 
Total 39 
★ 
★ ★ 
★ ★ ★ 
Significant at .10 level 
Significant at .05 level 
Significant at .01 level 
